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FOREWORD 

The  work  described  herein  was  performed  at  the  Astronuclear  Laboratory  of  the 
Westinghouse  Electric  Corporation  under  Navy  Contract  N00019-72-C-0132.  This 
report  is  a  continuation  of  the  work  started  under  Navy  Contracts  N00019-70-C-0148 
and  N0001 9-71 -C -0089.  Mr.  I.  Machlin  of  the  Naval  Air  Systems  Command  served 
as  Project  Manager.  Program  supervision  at  WANL  was  by  Mr.  R.  W.  Buckman,  Jr. , 
Manager,  Materials  Science. 

The  author  wishes  to  acknowledge  additional  personnel  contributing  to  this  program. 
These  are  Messrs.  S.  S.  Lac iak  for  metal  lography,  R.  W.  Conlin,  x-ray  and 
microprobe  studies,  and  C.  S.  Fitterer,  heat  treating  and  general  assistance. 
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DEFINITION  OF  TERMS 


2 

Chemical  Diffusion  Coefficient  (cm  /sec) 

Time  (sec) 

.  tol  weight  loss  between  two  equilibration  conditions  (grams) 

2 

Cross  sectional  area  (cm  ) 

Parabolic  rote  constont  (mg^/cm^-min) 

Temperature  (°C) 

Pilling-Bedworth  Rotio 

\  /I  thickness  of  oxide  (cm) 

Diffusion  distance  (cm) 

Portiol  pressure  of  oxygen  (atm) 

3 

Concentration  (groms/cm  ) 

Weight  loss  at  any  time  t  (grams) 

-v  2 

Chemicol  diffusion  coefficient  derived  for  the  condition  Dt/I  <_  .25 
using  a  parabolic  model  (ctr?/%tc) 

Chemicol  diffusion  coefficient  derived  for  the  condition  Dt^X).  15 
using  a  logarithmic  solution  (ctr?/tec) 
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1.0  INTRODUCTION  AND  SUMMARY 

The  rutile  structure  family  for  oxide  compounds  of  the  type  Nb(B)0^  where  B  =  Cr,  Al,  or 
Fe  have  been  identified  as  constituting  the  oxide  scale  formed  on  oxidation  resistant  Nb 
intermetallic  compounds  and  Nb-Ti-Cr-AI,  Nb-Fe-AI,  Nb-Cr-AI-Co,  and  Nb-Cr-AI-Ni 
alloys.  In  some  cases  a  hematite  structure  family  oxide  B2O2  has  also  been  identified  along 
with  the  rutile  oxide  product.  In  the  alloy  containing  cobalt,  a  CoAIjO^  spinel  was  iden¬ 
tified.  Metallographic,  x-ray  diffraction,  and  electron-microprobe  studies  were  used  to 
examine  these  oxide  structures.  Oxygen  transport  nreasurements  through  mixed  binary 
niobates  have  shown  that  the  ^£0^-020^  system  exhibits  the  slowest  rate  of  oxygen 
diffusion  of  the  oxides  tested  thus  far. 

This  study,  initiated  under  Contract  No.  N0001 9-70-00148^  ^  and  continued  under 
Contract  No.  N0001 9-71 -00089'  ,  is  being  made  to  investigate  the  feasibility  of  modifying 
oxide  defect  structures  to  enhance  oxidation  protection  of  elevated  temperature  structural 
materials.  The  approach  of  this  program  is  considered  rather  unique  since  prior  research  and 
development  programs  have  generally  attempted  to  increase  oxidation  resistance  of  a  base 
alloy  by  either  adding  additional  alloying  elements  to  the  basic  structural  material  or  by 
coati  j  the  basic  structural  material  wiui  an  oxidation  resistant  material.  However,  alloying 
to  obtain  oxidation  resistance  can  cause  a  degradation  in  mechanical  strength  and  ductility  of 
the  base  structural  material  while  coating  to  obtain  oxidation  resistance  requires  the  intro¬ 
duction  of  a  foreign  compound  which  must  adhere  to,  but  not  react  with,  the  structural  sub¬ 
strate. 

In  contrast,  this  study  has  investigated  various  techniques  designed  to  modify  the  defect 
structure  of  the  equilibrium  oxides  which  are  characteristic  of  the  parent  structural  material 
and  in  this  way  attempt  to  improve  oxidation  resistance  without  either  changing  the  structural 
and  mechanical  properties  of  '’ie  substrate  or  adding  additional  components  to  the  system. 
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Several  of  the  techniques,  which  have  been  investigated  thus  far,  are  pre-oxidation  treat¬ 
ments  and  modification  of  oxide  defect  structures  by  application  of  high  pressures. 

The  Phase  1^  study  has  shown  that  high  pressure  high  temperature  exposure  of  Nb20^  does 

produce  a  denser  phase  that  maintains  its  characteristics  after  quenching  to  room  temperature. 

However,  it  has  not  yet  been  possible  to  investigate  the  stability  of  the  quenched  phases 

nor  the  transport  properties  of  the  quenched  phases.  In  addition,  it  has  been  demonstrated 

that  a  pre-exposure  of  alloy  B-l  (Cb-15Ti-10W-10Ta-2Hf-3Al)  in  20  torr  oxygen  at  650°C 

results  in  a  decrease  in  the  oxidation  rate  in  air  at  1040°C  when  compared  to  untreated  B-l 

alloys.  This  is  the  second  method  of  pre-treatment  shown  to  be  effective  in  decreasing  the 

rate  of  oxidation  of  the  B-l  alloy.  The  first  reported  treatment  involved  an  oxidation  exposure 

o  (2 ) 

of  2400  F  in  air  for  1  hour  which  improved  the  oxidation  during  exposure  to  2200  F  air'  . 
These  experiments  showed  that  changing  the  oxide  structure  is  possible.  The  maximum  poten¬ 
tial  of  these  various  techniques  has  yet  to  be  demonstrated. 

Results  from  Phase  II  '  '  indicate  that  mixed  oxides  of  Nb^^-TiOj,  and  Nb20,.- 
HfOj  would  not  form  protective  oxide  layers  based  on  limiting  the  transport  of  oxygen  through 
the  scale  and  protecting  the  parent  metal.  The  NiO-NbjO^  binary  oxides  exhibited  a 
stoichiometric  behavior,  i.  e. ,  no  weight  loss  as  a  function  of  oxygen  pressure,  until  a  partial 
pressure  equivalent  to  that  of  the  dissociation  pressure  of  NiO  is  reached.  At  that  point,  a 
reduction  reaction  apparently  begins,  and  large  weight  losses  begin. 

The  work  reported  herein  includes  (1 )  a  continuation  of  the  oxygen  transport  rate  measure¬ 
ments  in  binary  niobates  NbjO^-TiOj,  Nb^O^-AIjO^,  Nb^^-ZrO^  and  NbjO^-C^O^ 
utilizing  a  new  flow  regime  where  the  gases  are  introduced  at  the  bottom  of  the  reaction 
tube  and  exit  through  the  balance  chamber  and  arc  melted  oxide  samples  in  place  of 
pressed  and  sintered  oxides.  Only  the  Cr203"Nb205  system  exhibited  low  oxygen  transport 
properties,  indicating  that  this  rutile  oxide  is  the  best  oxidation  barrier  of  all  the  systems 
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and  compositions  tested  thus  far.  However,  because  of  the  lack  of  data  defining  phase 
relationships  as  a  function  of  composition,  temperature,  and  oxygen  pressure,  it  is  not  yet 
possible  to  determine  the  optimum  conditions  required  to  minimize  oxygen  transport  in  this 
system. 

(2)  An  investigation  of  the  oxide  behavior  of  the  Nb^AI,  NbA^,  NbAl^/  NbC^,  NbFe2^ 
NbG^/  and  NbNi  intermetallic  compounds.  The  oxidation  kinetics,  photomicrographs  of 
the  oxide  scales,  identification  of  the  oxide  phases  by  x-ray  powder  diffraction  studies  of  the 
oxide  scale,  and  the  results  of  microprobe  studies  for  the;;e  intermetal  lies  are  presented.  The 
intermetallic  compounds  NbAI^,  NbC^,  and  NbFejexhibited  low  oxidation  rates  in  air. 

For  these  three  intermetallic  compounds,  the  rutile  structure  NbBO^  and  the  hematite 

structure  B,.0«  where  B  =  Fe,  Al,  Cr  were  found  to  constitute  the  oxide  scale.  Parabolic 
^  °  2  4 

rate  constants  of  between  .018  -  .31  mg  /cm  /min  were  determined  from  the  oxidation  rate 
data  for  these  systems.  NbG>2  formed  a  liquid  phase  oxide  at  1200°C.  The  other  inter- 
metallics  formed  either  N^O^,  columbite  NiN^O^,  AljO^h^O^,  or  A^Og^SNbjO^ 
oxides  mixed  in  with  the  rutile  structure. 

(3)  The  oxidation  behavior  of  the  Solar  J  and  Solar  B-IV  alloys  is  described  utilizing  metal- 
lographic,  electron  beam  microprobe,  and  x-ray  diffraction  techniques.  The  enhanced 
oxidation  resistance  of  the  Solar  J  alloy  over  the  Solar  B-IV  alloy  was  shown  to  be  caused 
by  increased  chromium  content  of  the  J  alloy  which  stabilized  a  rutile  type  NbCrO^  oxide 
scale.  When  the  chromium  was  reduced  from  9  to  4  weight  per  cent,  a  b^O^-TiOj  oxide 
phase  was  detected  in  the  scale  formed  on  the  alloy  along  with  the  rutile  NbCrO^  phase 
causing  oxygen  transport  through  the  scale  to  increase. 
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(4)  The  oxidation  behavior  of  the  five  alloys  Nb-AI-Cr-Co,  Nb-AI-Cr-Ni,  Nb-Fe-AI, 

and  Nb-Ti-Fe-B  was  characterized  by  powder  x-ray, electron  beam  microprobe,  and  metallographic 

techniques  after  oxidation  at  1200°C.  The  best  system  from  this  group  of  alloys  was  the 

system  Nb-AI-Cr-Co  where  a  CoA^O^  spinel  was  formed  in  the  oxidation  product  along 

with  the  rutile  NbAIO^-NbCrO^.  The  parabolic  oxidation  constant  at  1200°C  in  air 

ranged  between  .  045  to  .323  mg  /cm^/min  for  all  systems  except  Nb-Ti-Fe-B.  However, 

only  for  Nb-AI-Cr-Co  did  the  parabolic  rate  constant  decrease  with  time. 
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2.0  OXYGEN  DIFFUSION  THROUGH  MIXED  NIOBATES 

2. 1  THERMOGRAVIMETRIC  TECHNIQUES  FOR  DETERMINING  THE  OXYGEN  DIFFUSION 
COEFFICIENT 

Oxidation-reduction  kinetics  and  nonstoichiometry  of  metal  oxides  have  been  studied  primarily  by 
thermogravimetric^  ^and  electrical  conductivity  techniques^  To  date,  nearly  all  of  the 
published  kinetic  data  for  nonstoichiometric  oxides  utilizing  thermogravimetric  techniques 
have  involved  oxides  in  which  the  predominant  defect  was  the  singly  ionized  cation  vacancy. 

This  work  involves  oxides  whose  structure  is  thought  to  be  contained  on  the  anion  lattice  in 
the  form  of  single  or  double  charged  anion  vacancies. 


In  these  studies,  the  driving  force  for  diffusion  is  provided  by  the  partial  pressure  of  oxygen 
established  in  the  gaseous  phase  adjacent  to  the  oxide.  By  equilibrating  the  oxide  with  a 
known  oxygen  partial  pressure  and  then  abruptly  changing  the  oxygen  partial  pressure,  the 
time  rate  of  weight  change  indicates  the  mobility  of  oxygen  thru  the  lattice  as  it  is  being 
removed  from  or  diffused  into  the  sample.  By  assuming  that  the  surface  of  the  specimen  equil- 
ibrates  immediately  with  the  surrounding  atmosphere,  the  chemical  diffusion  coefficient  D 
can  be  obtained/once  the  geometry  of  the  sample  is  established/from  an  integrated  solution 
of  Fick's  second  law  assuming  a  constant  diffusion  coefficient. 


The  rationale  for  sample  geometry  selection  has  been  reported  previously 


(2) 


2.2  SOLUTIONS  TO  FICK'S  SECOND  LAW 


Chemical  diffusion  is  used  to  denote  diffusion  which  is  the  result  of  a  concentration  or 
chemical  potential  gradient.  This  is  not  to  be  confused  with  self-diffusion  or  tracer  diffusion, 
which  does  not  occur  as  the  result  of  a  chemical  potential  or  concentration  gradient.  After 
Wagner^  ^ 
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Di  =  li,n  [(ac./Sx)  ]  c. 

(dc./dx)— 1 ►O 

d!  =  self-diffusion  coefficient 

J.  =  flux 

i 

x  =  distance 
c  =  concentration 


The  self-diffusion  coefficient  on  the  ith  species,  D.,  is  proportional  to  the  diffusion  coefficient 
for  the  defect  responsible  for  the  migration  of  the  ith  species.  The  chemical  diffusion  coef- 
ficient  D  is  the  proportionality  constant  in  Fick's  Law 


J  =  D  (dc/dx) 


(2) 


Using  the  integrated  thin  plate  solution  for  Fick's  second  law 


dc 

§r 


(3) 


after  Crank 


M(t)  _ 

~c T  " 


2  2 

(2  n  +  1)  * 


-D(2n  +  l)2ir2t/4|2  J 


(4) 


where  t  =  times  (seconds) 

I  -  half  thickness  of  the  plate. 


~  2 

For  values  of  Dt/I  >  0.  15  only  the  first  term  (n^)  of  the  series  is  required,  therefore 
equation  (4)  simplifies  to 


M(t)  _  .  8  ,  -D,r2t/4I2) 

7T  ~  1  -  in  (e 


(5) 
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or 

-  2 

log  (1  -  M(t)/Q)  -  log  ^ 9  (6) 

'  (9.2)r 

By  plotting  log  (1  -  M(t)/Q)  vs  t,  the  slope  of  the  line  can  be  measured, and  D  can  be  cal¬ 
culated. 


For 


0.25  the  following  relationship  can  be  used  to  evaluate  D, 


and 


(AW,2  .  k 


P 


•  t 


(7) 

(8) 


where  Ac  is  the  oxygen  concentration  gradient  across  the  oxide  during  reaction  or  oxidation 
in  grams/cc. 


2. 3  EXPERIMENTAL  MATERIALS 

Two  kinds  of  samples  were  used  for  evaluation  of  the  oxygen  transport  rate.  The  Nb^O,.- 

(2)  1  5 

TiOj  sample  was  made  from  pressed  and  sintered  powders  as  previously  described  .  The 
samples  of  ^20^-020^,  Nb20^-Al202,  and  Nb20^-Zr02  were  made  by  arc  melting 
the  partially  sintered  oxides  in  a  tungsten  electrode  inert  gas  arc  melting  furnace.  The  sample 
was  contained  in  a  water  cooled  copper  crucible.  The  as-melted  samples  are  shown  in 
Figure  1. 

To  overcome  the  formation  of  voids  or  piping  in  the  samples,  the  arc-melter  was  powered  by  an 
adjustable  DC  welding  power  supply  which  was  used  to  enable  the  operator  to  taper  the  power  to 
zero  and  retain  a  molten  pool  so  the  oxide  would  solidify  directionally  with  no  voids.  The  arc 
melted  oxides  were  ground  into  a  flat  disk  configuration. 
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AS-MELTED  ARC  MELTED  NIOBATES 
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FIGURE  1 

Arc-Melted  Niobates  in  As-Melted  Condition 
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2.4  EXPERIMENTAL  APPARATUS 

The  experimental  apparatus  has  been  described  previously  with  one  exception.  Figure  2 
shows  the  new  position  of  the  gas  outlet  for  the  gas  flow  regime  finally  selected. 

(3) 

Analyses  of  the  results  obtained  during  Phase  II'  have  indicated  that  a  change  in  gas 
flow  through  the  microbalance  system  was  required.  As  reported  in  Phase  II,  the  gas  flow 
entered  at  the  bottom  of  the  reaction  tube  and  exited  above  the  furnace  but  before  entering 
the  microbalance  chamber.  This  flow  system  was  tried  initially  to  eliminate  flowing  hot 
gases  into  the  microbalance  chamber.  However,  weight  changes  with  a  blank  nonreactive 
sample  indicated  that  the  slow  diffusional  mixing  of  gas  in  the  balance  chamber  took  an  un¬ 
necessarily  long  and  unpredictable  length  of  time  to  achieve  a  constant  value.  As  these 
results  for  the  nonreactive  sample  had  to  be  subtracted  from  the  reactive  sample  to  get  a 
true  oxygen  weight  loss,  this  process  sometimes  took  longer  than  was  necessary  to  achieve 
equilibrium  in  the  reactive  sample. 

Nonreactive  samples  of  AljO^  were  evaluated  to  determine  the  effects  of  two  alternate 
flow  conditions.  In  Condition  I,  the  gases  were  admitted  into  the  balance  chamber 
and  exited  at  the  bottom  of  the  furnace.  This  enabled  the  gases  to  mix  initially  in  the  balance 
chamber  and  then  flow  past  the  sample.  Condition  II  involved  flowing  the  gases  into  the 
system  at  the  bottom  and  exiting  through  the  balance  chamber.  TiO2_Nb20^  was  studied 
utilizing  Condition  I. 


Condition  II  was  selected  to  be  used  for  the  remainder  of  the  runs.  It  was  discovered  that 
Condition  I  created  a  situation  where  the  gas  composition  at  the  sample  changed  gradually  as  the 
gases  mixed  in  the  balance  system.  Condition  II  enabled  both  the  objections  to  Condition  I  and 
the  regime  selected  in  Phase  II  to  be  overcome.  The  gas  front  reached  the  sample  quickly, 
and  the  mixing  time  of  gases  in  the  balance  chamber  was  minimized. 
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Thermocouple  Feed  Through 


Figure  2.  Schematic  of  Modified  Vacuum  Microbalance  Used 
for  Flowing  Gas  Studies 
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2.5  EXPERIMENTAL  RESULTS 

Table  1  presents  a  summary  of  the  experimental  results  for  all  of  the  oxygen  diffusion  exper¬ 
iments.  The  results  for  Ti02_Nb20^  were  taken  with  the  reaction  gases  flowing  down  the 
reaction  tube.  The  remainder  of  the  systems  were  tested  with  reaction  gases  flow  up  the  reaction 
tube.  The  biggest  difference  between  these  two  techniques  is  the  length  of  time  for  the 
reaction  front  of  a  newly  established  gas  mixture  to  reach  the  sample  and  the  severity  of  this 

front.  In  addition,  020^-^20^,  A^O^-NbjO^,  and  ZrOj^NbjO^  were  arc  melted 
while  TiC^^NbjO^  was  pressed  and  sintered  from  oxide  powders. 


Listed  in  Table  I  are  the  chemical  diffusion  coefficients  D.  determined  by  taking  the  slope 

^  2  ^  ^ 
of  log  (1-M(t)/Q)  vs  time  for  Dt/I  >  0. 15  and  the  chemical  diffusion  coefficient  Dp  deter- 

“2  ~  2  ' 
mined  by  taking  the  slope  of  (M(T)/A)  vs  time  for  Dt/I  <  0.25.  Also  listed  on  Table  1 

are  the  cumulative  deviations  from  stoichiometry,  the  initial  and  final  oxygen  pressures 

between  which  the  equilibration  was  carried  out,  and  the  time  limits  of  the  two  diffusion  models 

used.  Oxygen  weight  loss  as  a  function  of  time  and  oxygen  partial  pressure  difference  are 

plotted  in  Figures  3-14.  Although  the  weight  losses  are  shown  on  the  graphs  for  each  partial 

pressure  starting  at  zero,  the  total  weight  loss  for  a  given  temperature  and  oxide  system  is 

cumulative. 

A  computer  code  was  devised  to  calculate  all  data  used  to  determine  the  diffusion  coefficients. 
This  data  is  contained  in  the  Appendix. 

Results  for  the  chemical  diffusion  coefficient  of  oxygen  as  a  function  of  system  and  temperature 
are  summarized  in  Figure  15.  All  values  of  the  chemical  diffusion  coefficient  determined  for 
each  temperature  and  oxygen  partial  pressure  range  are  shown  by  the  length  of  the  respective 
line.  The  primary  purpose  of  the  diffusion  work  was  to  determine  which  niobates  had  the 
lowest  oxygen  chemical  diffusion  coefficient  and  under  which  conditions  of  temperature  and 
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Table  1.  Chemical  Diffusion  Coefficients  for  Oxygen  in  Binary  Niobates 


12 


94.374  959  -0.018  1.75  xl0-,r  8.26  *  I0*'4  I  -13.C«3  I  U75 
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Figure  4.  Weight  Loss  for  1.67:1.00  Molar  Ratio  C^Og-N^Oc  as  a  Function  of 
Time  for  Various  Oxygen  Partial  Pressure  Differentials  at  lOOC^C 
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Figure  6.  Weight  Loss  for  2.  85:1.00  Molar  Ratio  ZrC^-N^O^  as  a  Function  of 
Time  for  Various  Oxygen  Partial  Pressure  Differentials  at  850°C 
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Figure  7.  Weight  Loss  for  2.  85:1. 00  Molar  Ratio  Zr02~Nb205  as  a  Function  of 
Time  for  Various  Oxygen  Partial  Pressure  Differentials  at  1000°C 
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Figure  8.  Weight  Loss  for  2.  85:1. 00  Molar  Ratio  ZrC^-h^Oxj  as  a  Function  of 
Time  for  Various  Oxygen  Partial  Pressure  Differentials  at  1175°C 
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Figure  9.  Weight  Loss  for  2.  71 :1. 00  Molar  Ratio  Al203-Nb205  as  a  Function  of 
Time  for  Various  Oxygen  Partial  Pressure  Differentials  at  850°C 
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Figure  1 1 .  Weight  Loss  for  2.  71 :1 . 00  Molar  Ratio  A^C^-N^Os  as  a  Function  of 
Time  for  Various  Oxygen  Partial  Pressure  Differentials  at  1175°C 
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Figure  12.  Weight  Loss  for  1.67:1.00  Molar  Ratio  Ti02“Nb20^  os  a  Function  of 
Time  for  Various  Oxygen  Partial  Pressure  Differentials  at  850°C 
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Time  for  Various  Oxygen  Partial  Pressure  Differentials  at  1000°C 


o 

>0 


9  a 

U109 


24 


Tim* 


Asironuciear 
O'  Laboratory 


? 


C 

.2  U 

o 

c 

°  o 
O  JC 

m  o 

o  *■= 

0*° 
^  <u 

*-  5 
•2  s 
£  ± 

O  .2 

4- 
Q  u. 

5  c2 

S  s 

t!  R 

$5  6 

r— *  i/> 

3 

o  .2 

W-  U- 

*.  -O 

8  > 


■&* 

fc 

4>  •  — 


3 

O) 


D  (c  m 


Figure  15.  Summary  of  the  Oxygen  Diffusion  Data  Determined  for 
Four  Binary  Niobates  Tested 


26 


Astronuclear 

laboratory 


nonstoichiometry  did  this  occur.  Figure  15  clearly  indicates  the  chemical  diffusion  coefficient 
for  oxygen  is  lowest  in  the  NbjO^-CrjOj  system.  As  will  be  described  later,  this  is  further 
substantiated  by  additional  oxidation  work  on  chromium  containing  alloys  and  intermetal  lies. 
Figures  16-19  compare  the  values  of  the  diffusion  coefficients  plotted  as  a  function  of  temper¬ 
ature  and  determined  by  plotting  log  (l-M(t)/Q)  vs  time  for  the  four  systems  evaluated.  Figures 

20-23  compare  the  values  of  the  diffusion  coefficients  plotted  as  a  function  of  temperature 

2 

determined  by  plotting  (M  (t)/A  )  vs  time.  The  numbers®,®  ,and®correspond  to  the 
degree  of  departure  from  stoichiometry  as  listed  in  Table  I.  One®corresponds  to  a  nominal 
1/20  CO/CO2  ration,  two  (^corresponds  to  a  nominal  1/1  CO/CO2  ratio,  and  three  Q) 
corresponds  to  a  nominal  20/1  CO/CO2  ratio  at  the  temperatures  indicated.  Where  no 
numbers  are  shown  on  the  graph,  the  data  was  randomly  scattered  within  the  bands  indicated. 

Figures  16-27  show  the  results  for  the  individual  oxides  GjOj-NbjO^,  ZrOj-NbjOy 

A^Oj-NfajOs,  and  TiC^-NbjO,.  The  diffusion  data  determined  by  using  the  logarithmic 

model  are  valid  for  values  of  Dt/n  >  0. 15.  These  results  should  not  contain  the  uncertainty 

in  the  selection  of  a  zero  time  for  the  reaction, and  equilibrium  with  the  flowing  gas  stream 

2 

should  be  established.  The  parabolic  model  gives  the  diffusion  coefficients  for  Dt/1  <  0. 25 
or  during  the  initial  stages  of  the  reaction. 

Figures  24-27  show  the  deviation  from  stoichiometry  as  a  function  of  oxygen  partial  pressure 
and  were  determined  utilizing  the  molecular  weights  of  the  samples  according  to  the  formula 
shown  in  the  first  column  of  Table  1. 

2.5.1  Cr203-Nb205 

The  chemical  diffusion  coefficients  determined  from  the  logarithmic  model  (Figure  16) 
showed  no  correlation  between  the  degree  of  r^r.itoir biometry  or  the  temperature.  However,  the 
parabolic  model  (Figure  20)  showed  a  definite  trend  toward  slower  oxygen  transport  rates  at  larger 
deviations  from  stoichiometry.  In  addition,  the  diffusion  coefficients  at  1 175°C  were  smaller 
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Figure  16.  Chemical  Diffusion  Coefficients  for  the  System 
N^O^-CrjOj  as  Determined  by  the  Logarithmic  Model 
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Figure  17.  Chemical  Diffusion  Coefficients  for  the  System 
Nb205~  Zr02  as  Determined  by  the  Logarithmic  Model 
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Figure  18.  Chemical  Diffusion  Coefficients  for  the  System 
Nb205“Al203as Determined  by  the  Logarithmic  A/odel 


Astronuclear 
O'  Laboratory 


3 


Figure  19.  Chemical  Diffusion  Coefficients  for  the  Syste 
^^2^5”  as  Determined  by  the  Logarithmic  Model 
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as  a  Function  of  Oxygen  Partial  Pressure 


than  those  at  850UC.  From  Figure  24,  the  weight  loss  of  oxygen  from  the  sample  is  proportional 

(3) 

to  the  -1/4. 17  power  of  oxygen  partial  pressure,  which  indicates  after  Kofstad  ,  a  singly 
charged  oxygen  vacancy  as  the  anion  defect  in  the  C^O^NbjO^  lattice.  In  this  system, 
Goldsmith^)  reports  a  single  rutile  phase  from  800®C  to  the  melting  point  for  the  oxide  in 
equilibrium  with  air.  However,  there  is  no  information  available  which  details  the  phase 
equilibrium  for  the  NbjO^-CrjO^  system.  The  diffusion  results  could  indicate  that  different 
phases,  which  are  in  equilibrium  at  the  various  partial  pressures  of  oxygen,  could  control  the 
rate  of  oxygen  transport. 

Several  workers^  ^have  reported  the  possibility  of  the  existence  of  a  series  of  intermediate 
phases  in  many  oxides  which  show  large  deviations  from  stoichiometry.  In  this  case,  the 
point  defects,  such  as  singly  or  doubly  charged  anion  vacancies,  previously  determined  by 
measuring  the  pressure  dependence  of  nonstoichiometry  cannot  be  considered.  The  rate  of 
diffosion  is  now  controlled  by  the  diffusion  through  a  suboxide  phase  which  is  in  equilbrium 
with  an  oxygen  partial  pressure.  Looking  at  Figures  3,  4,  and  5,  it  is  apparent  that  equilibrium 
was  not  reached  for  CR-2,  CR-3,  CR-6,  and  CR-9.  Some  of  these  systems  were  equilibrated 
for  times  up  to  6  days  (CR-5),  and  equilibrium  was  not  achieved. 

By  estimating  or  measuring  the  total  deviation  from  stoichiometry  in  a  geometric  configuration 
such  as  a  powder,  which  would  not  require  an  extended  time  period  to  achieve  equilibration, 
an  equilibrium  weight  loss  for  oxygen  pressure  and  temperature  could  be  established  and  a 
new  value  for  Q  (equation  5,  page  6)  could  be  determined  and  used  to  recalculate  the  value  of 
log  (1  -M(t)/Q).  As  an  example  for  M(t)/Q  =  0.  5,  log  (1  -M(t)/Q)  =  -.  301,  and  for  M(t)/Q 
.9,  log  jq  (1  -M(t)/Q)  =  -1. 0.  Therefore,  the  data  at  the  nonequilibrium  position  where  O 
is  assumed  to  be  the  value  given  after  time  t  would  give  a  diffusion  coefficient  proportional  to 
1/t  while  the  system  with  M(t/Q=0.  5  has  reached  onlyl/2  of  its  equilibrium  weight  loss  and  would 
give  a  diffusion  coefficient  proportional  to  0.  3/t  or  only  30  per  cent  of  that  derived  from  ine 
nonequilibrium  data. 
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2.5.2  Zr02-Nb205 

The  diffusion  results  reported  for  this  system  closely  parallel  those  reported  for  the  C^Oj- 
NbjOj  system.  The  diffusion  coefficients  determined  using  the  logarithmic  model  (Figure  17) 
are  scattered  within  a  band,  the  trend  being  that  the  slowest  diffusion  occurs  at  1000°C,  an 
intermediate  temperature.  The  diffusion  results  from  the  parabolic  model  (Figure  21 )  indicate 
a  slower  diffusion  rote  as  the  departure  from  stoichiometry  increases.  However,  in  this  case, 
the  large  diffusion  coefficient  is  associated  with  the  highest  temperature  for  each  partial 
oxygen  pressure  region.  The  power  dependence  of  oxygen  weight  loss  on  oxygen  partial  pressure 
(Fig.  25  )shows  a  -1/6  power  dependence  at  850  and  1000°C  and  a  -1/4. 8  power  dependence 
at  1 175°C.  The  previous  comments  concerning  intermediate  phases  do  apply  here  also. 

Runs  ZR-3  and  ZR-6  have  not  reached  equilibrium,  accounting  for  the  different  power  dependence 
at  850  and  1000°C. 

2.5.3  Al203-Nb205 

The  chemical  diffusion  coefficients  determined  from  both  the  logarithmic  (Figure  18)  and 
parabolic  (Figure  22)  models  show  a  lower  diffusion  coefficient  as  the  degree  of  nonstoichiometry 
decreases.  The  1175°C  diffusion  coefficients  determined  by  the  parabolic  model  are  smaller 
than  those  determined  at  1000  C  and  850  C.  Figure  26  shows  the  degree  of  nonstoichiometry 
as  a  function  of  oxygen  partial  pressure.  For  this  system,  the  deviation  from  stoichiometry  is 
proportional  to  the  -1/3.4  power  of  the  oxygen  pressure  for  850  and  1000°C  and  to  the  -1/6.  3 
power  of  the  oxygen  partial  pressure  at  1175°C.  These  numbers  are  larger  than  can  be 

rationalized  for  any  common  defect  model  and  strongly  supports  the  fact  that  suboxide  phases 
are  control’  ng  the  oxygen  transport. 
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2.5.4  Tl02-Nb205 


In  this  system,  the  logarithmic  model  (Figure  19)  shows  the  opposite  effect  of  oxygen  non* 
stoichiometry  on  the  chemical  diffusion  coefficient  than  found  for  the  other  three  oxide  systems. 
The  large'  devotion  from  stoichiometry  produces  the  most  rapid  oxygen  transport  through  the 
oxfd*'.  The  parabolic  model,  Figure  23,  does  not  indicate  any  trend  of  the  effect  of  non* 
stoichiometry  on  the  diffusion  coefficient  as  the  values  are  scattered  within  the  band  designated. 
Figure  27  shows  the  dependence  of  nonstoichiometry  on  the  oxygen  partial  pressure.  At  850°C 
the  degree  of  nonstoichiometry  was  dependent  on  the  -1/B  power  of  the  oxygen  partial  pressure: 

In  the  Phase  Ir  }  final,  at  819  C,  the  nonstoichiometric  dependence  was  shown  to  be  proportional 
to  *1/^0  power  of  the  oxygen  pressure.  At  the  higher  temperature,  the  pressure  dependence 
is  -1/4.2. 

2.6  GENERAL  DISCUSSION  OF  OXYGEN  DIFFUSION  IN  MIXED  NIOBATES 

It  is  apporent  thot  phase  equilibrium  data  as  a  function  of  oxygen  partial  pressure  and  binary 

oxide  composition  is  required  to  fully  interpret  the  experimental  results  presented.  It  is  also 

apporent  that,  if  new  phases  form  as  o  function  of  oxygen  partial  pressure,  a  different  set 

(19) 

of  boundary  conditions  for  the  diffusion  model  would  have  to  be  applied.  Crank  presents 
a  solution  to  the  diffusion  equotion  in  which  a  moving  boundary  is  passing  through  a  system. 

In  these  oxides,  thi*  ooundary  would  be  the  interface  between  two  phases,  one  initially  in 
equilibrium  with  a  starting  oxygen  partial  pressure  and  the  second  in  equilibrium  with  the  final 
oxygen  partial  pressure.  As  oxygen  is  removed  from  the  system,  this  phase  boundary  proceeds 
through  the  oxide.  This  model,  however,  precludes  the  use  of  the  integrated  weight  loss 
analysis  which  can  be  done  using  the  weight  loss  technique.  One  has  to  know  the  oxygen 
concentration  at  the  moving  boundary  as  well  as  the  oxygen  concentration  profile  through 
etch  phase.  Also,  the  solution  will  work  only  with  a  semi-infinite  medium 
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If  one  can  determine  the  oxygen  partial  pressure -oxide  phase  equilibrium  limits,  then  the 
diffusion  measurement  can  be  made  within  a  single  phase,  jhould  the  multi-phase  suboxide 
structures  be  a  reality  in  the  oxides  studied,  the  parabolic  model  would  possibly  give  a 
better  indication  of  the  diffusion  rate  through  a  given  equilibrium  structure  because  of  the 
short  initial  time  period  over  which  the  model  is  valid. 
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3.0  OXIDATION  BEHAVIOR  OF  NIOBIUM  INTERMETALLIC  COMPOUNDS 


Work  has  been  reported  on  the  relative  oxidation  resistance  of  some  niobium  intermetal  lie 

(20-22) 

compounds  .  One  of  the  most  oxidation  resistant  compounds  was  found  to  be  NbAI^. 

Other  niobium  based  alloys  have  also  been  reported  which  exhibit  the  same  low  rate  of 
(22  -26^ 

oxidation  as  NbAI^  .  However,  not  all  of  these  alloys  form  the  oxidation  products 

formed  by  NbAI^,  From  this  limited  information  it  was  deduced  that  possibly  other  oxides 
formed  from  interrnetallic  compounds  would  be  protective.  In  light  of  the  lower  oxygen 
transport  rate  through  NfajO^-C^Og  oxides  determined  during  this  program,  a  series  of 
seven  intermetal  lie  compounds  have  been  arc  melted  from  pure  metals.  These  as-melted 
buttons  are  shown  in  Figure  28.  Table  2  lists  the  compounds  and  weight  losses  incurred  during 
melting  due  to  volatilization,  loss  of  small  chipped  particles,  etc.  The  buttons  were  melted 
twice,  the  second  melting  occurring  after  the  buttons  were  flipped  over  in  the  molds  to  insure 
homogeneity. 


The  samples  were  oxidized  in  a  Stanton  Thermal  Da  lance  described  in  a  previous  report 


(2) 


3. 1  CHARACTERIZATION  OF  THE  NIOBIUM  INTERMETALLIC  COMPOUNDS 

The  as-melted  compounds  were  characterized  by  x-ray  diffraction  analysis  and  metal  lographic 
examination  and  hardness.  Tuble  3  lists  the  phases  identified  in  the  as-melted  compounds. 
NbAly  NbCrj,  NbFej,  and  NbCoj  gave  the  best  correlation  to  the  respective  ASTM  data 
cards.  Table  4  lists  the  Vickers  Hardness  Numbers  for  the  intermetal  lie  compounds.  The 
as-cast  microstructures  of  the  intermetal  lie  compounds  are  shown  in  Figures  29-35  a  and  b 
it  XjX  and  500X,  respectively.  The  structures,  which  resulted  from  annealing  at  the 
oxidation  temperatures,  can  be  seen  in  the  photomicrographs  of  the  respective  samples 
showing  the  oxide  structure. 
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Arc  Mel’ed  Intanretallic  Compounds 


Arc  Malted  Intownetollic  Cuipaundi 


FIGURE  28 

Arc-Melted  Buttons  of  Nb  Intermetollic  Compounds 
Showing  As-Melted  Condition 
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TABLE  2 

Melting  Information  for  Nb  Intermetal  lie  Compounds 


Compound 

As-Melted 

Weight 

(gms) 

Weight  Loss 
During  Melting 
(gms) 

Melting 
|  Current 
(amps) 

Nb3AI 

161.00 

3. 53 

850-900 

Nb2AI 

168.60 

3.19 

830-900 

NbAI3 

184. 77 

2.36 

750-800 

NbNi 

163. 05 

0.10 

640-750 

NbCr2 

210.79 

1.14 

625-600 

NbFe2 

219.51 

0.73 

600-690 

NbCo2 

225. 96 

0.77 

600-730 

_ I 
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Table  3.  Results  of  the  Debye  X-ray  Diffraction  Analysis 
on  the  As -Melted  Intermetal  lie  Compounds 
(Siemens  1 14  mm  camera,  Cu«  radiation)  (Phases  listed  in  order  of  importance) 


j  Compound 

Phases  Identifies 

ASTM 

Card  No. 

1  NbAI3 

Tetragonal  AI3Nb 
(good  match) 

13-146 

Nb,AI 

Tetragonal  AINb 

14-458 

Tetragonal  AINb2 

15-598 

Cubic  AINb3 
(many  lines  found) 

12-85 

Nb3AI 

Not  determined 

NbCo2 

Cubic  Co2Nb 
(good  match) 

15-499 

NbFe, 

Hexagonal  Fe2Nb 

17-908 

Hexagonal  Fe5Nb3 

12-590 

(several  very  weak  lines) 

NbCr2 

Cubic  C^Nb 

5-0701 

T 

Some  hexagonal  C^Nb 

NbNi 

Tetragonal  NbNi  f  good 

16-447 

Hexagonal  NbNi  r  match  to 
'  both  cards 

j. 

15-268 

T 

Orthorombic  NbN?3 

15-101  &  17-700 
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Table  4.  DPH  Hardness  Values  for  As-Melted  Intermetal  lie  Compounds 


DPH 

Load 

(kg) 

NbAI3 

384 

10 

Nb2AI 

640 

30 

Nb3AI 

718 

30 

NbCr2 

753 

20 

NbNi 

516 

30 

NbFe2 

706 

20 

NbCo2 

881 

30 
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24547 


(a) 


75X  24547  (b) 


Mic-ostructure  of  As-cost  NbAI^  (etched) 


500X 


Microstructure  of  NbAlj  Oxidized  at  I200°C  for  1000  minutes,  (c)  showing  the  grain 
formation  as  the  result  of  annealing  when  compared  to  (b).  (d)  showing  the  structure  of 

the  oxidation  products. 

figure  29.  Microstructurol  Characteristics  of  NbAI^  As-cast  and 
After  1200°C  1000  min.  Air  Oxidation  Exposure 
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Figure  29  fe-h'.  Results  of  Microprobe  Examination  of  NbAl 


Microstructure  of  As-cast  Nb2AI  (etched) 
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/ 


l 

500 X 


Microstructure  of  IS^AI  Oxidized  at  1200°C  for  769  min.  (c)  showing  the  several  thick 
oxide  layers  formed  and  (d)  showing  internal  oxidation  resulting  from  oxygen  transport 
through  cracks  in  the  material. 

Figure  30.  Microstructurol  Characteristics  of  IS^AI  As-cast  and 
After  I200°C  769  min.  Air  Oxidation  Exposure 
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24585 


500X 


75X 


Microstructure  of  IS^AI  Oxidized  at  1200°C  for  736  min.  (c)  showing  the  gross  oxide 
layers  formed,  and  (d)  showing  the  oxidation  at  a  matr:x  internal  crack  interface,  the 
oxide  facing  left,  and  the  matrix  at  the  right. 


Figure  31.  Microstructura I  Characteristics  of  Nb^AI  As-cast  and 
After  1200°C,  736  min.  Air  Oxidation  Exposure 
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24550 


(a)  75X  24550 


(b) 


500X 


Polished  and  Etched 


Polished  and  Etched 


24  727 


(c)  75X  24727  (e)  500X 

Oxide  Scale  Oxide  Metal  Interface 

Figure  32.  Microstaicturr,  Oxide  Scale,  and  Elemental  Distribution  for 
NbC  After  Air  Oxidation  at  1200°C  for  963  Minutes 
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Polished  and  Etched 


Polished  and  Etched 


Figure  33.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  for  NbFe~ 
After  Air  Oxidation  at  1200°C  for  1395  Minutes 
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**  l 

74728  (•)  500X 

Etched 

Figure  33  (e-f) 
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|133^J 
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\  gure  33(g-i).  Composite  Microprobe  Photographs  of  NbFe2 


Figure  33j.  Elemental  Electron  Microprobe  Scans  of  Nb  and 
and  Fe  Through  the  Oxide  Scale 
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24551  (a)  75X 


S>  v 


Microstructure  of  As-cast  NbCr 


2 


(etched^ 


24587  (c)  500X  Acid  Etched 

Electroetch 

Microstructure  of  NbCr20xidized  at  1200°C  for  860  minutes,  (c)  showing  the  discolored 
matrix  band  below  the  oxide,  and  (d)  showing  details  across  the  oxide-metal  interface. 

Figure  34.  Microstructurol  Characteristics  of  NbCr2  As-cast  and 
After  J200°C,  860  min.  Air  Oxidation  Exposure 
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Microstructure  of  As-cast  NbNI  (etched) 


24588  (c)  75X  24588  (d)  500X 

Microstructure  of  NbNi  Oxidized  at  1200°C  for  252  min.  (c)  showing  the  oxide  at  the 
top,  the  oxide  spotted  with  metallic  particles,  the  interfacial  phase,  and  the  effect  of 

temperature  on  the  matrix,  (d)  showing  details  of  the  oxide-metal  interface.  i 

Figure  35.  Microstructural  Characteristics  of  NbNi  As-cast  and 
After  1200°C,  252  min.  Air  Oxidation  Exposure 
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3.2  OXIDATION  BEHAVIOR  OF  THE  INTERMETALLIC  COMPOUNDS 

The  seven  intermetallic  compounds  were  oxidized  in  air  at  1200°C  in  the  platinum  thermal 
balance  furnace.  The  arc -melted  alloys  were  cut  into  rectangular  solids  for  oxidation 
testing.  The  surface  areas  were  measured,  and  the  samples  exposed  for  times  up  to  16  hours. 
The  weight  change  was  continuously  recorded. 

Figure  36  shows  the  intermetallic  samples  and  oxides  formed  during  oxidation  at  1200°C. 
Figure  37  shows  the  weight  loss  per  unit  area  for  all  of  the  intermetallic  compounds.  As 
previously  reported,  NbAI^  exhibits  the  best  oxidation  behavior.  However,  NbC^  and 
NbFe2  also  exhibit  good  oxidation  behavior  and  will  be  considered  further.  Nb2AI, 

Nb^AI,  and  NbNi  all  exhibited  very  poor  oxidation  behavior,  large  oxide  zones,  and 
gross  sub-surface  contamination.  NbG^  exhibited  a  distinctive,  different  kind  of 
behavior  in  that  the  surface  oxide  formed  on  the  sample  melted.  The  NbG^  sample  in 
Figure  36  shows  the  glassy  appearance  of  the  oxide  surface.  Figure  38  shows  the  quantity 
(AM/A)  vs  t;  the  slope  of  this  plot  was  used  to  calculate  the  parabolic  rate  constant. 

The  parabolic  rate  or  linear  rate  constants  are  listed  in  Table  5  where  applicable.  The 
linear  rate  constant  was  determined  for  Nb2AI,  Nb^AI,  and  NbNi. 

Photomicrographs  of  oxide  scale-metallic  interface  sections  are  shown  in  Figures  29-35, 
and  Table  6  lists  the  results  of  the  x-ray  diffraction  analysis  of  oxide  scales  formed  on 
the  intermetallic  compounds. 

3.2.1  NbAI3 

Figure  29(d)  shows  the  oxide-metal  interface  at  500X.  The  x-ray  diffraction  analysis  (Table 
6)  indicates  the  presence  of  the  NbAIO^  rutile  structure  in  the  oxide  as  well  as  A^O^.  The 
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OXIDATION  OF  NIOBIUM  INTERMETALLICS  AT  1200  C 
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Figure  36.  Pbotograph  Showing  the  Results  of  1200  C  Air  Oxidation  of 
the  Niobium  Based  Intermetal  lie  Compounds 
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on  Kinetics  of  Niobium  Intermetollic  Compounds  in  Air  at  1200°C 
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Figure  38.  The  Plot  of  (£M/A)  vs  Time  for  the  Niobium  Intermetollic  Compounds  in  Air  at  1200°C 
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Table  5.  Rate  Constants  for  Niobium  Based  Intermetallic  Compounds  at  1200°C 


Intermetallic 

Compound 

Parabolic  Rate 
Qpnstapt 

(mg  /cm  /min) 

Linear  Rate 

Con  sty  t 

(mg/cm  /min) 

NbAIg 

0.018 

— 

Nb2AI 

— 

0. 073 

Nb3AI 

— 

0. 084 

NbCr2 

0. 176 

— 

NbNi 

— 

0. 202 

NbFe2 

0.31 

~ 

NbCo2  . 

25.00 

— 
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Table  6.  Results  of  Debye  X-ray  Diffraction  Analysis  of  the 
Oxide  Scales  Formed  on  the  Intermetal  lie  Compounds 
(Siemens  1 14  mm  camera  Cu«  radiation) 


Compound 

Phases  Identifies 

ASTM 

Card  No. 

NbAI3 

AINb04 

14-494 

a  AljOj 

10-173 

Nb2AI 

AINb04 

14-494 

AI203-9Nb205 

16-545 

AI203-25Nb205 

Some  NbjOj  lines 

Nb3AI 

Same  as  Nb^AI, 
except  that  lines  are 
sharper  and  stronger 

NbCr2 

CrNbO. 

(20-311) 

Cr2°3 

(6-0504) 

NbNi 

NiNb206 

(15-159) 

NbFe2 

FeNb04  -  tetragonal 

16  -  357 

monoclinic 

16  -  374 

orthorhombic 

16  -  358 

orthorhombic 

Some  ^e2^3 

15  -  596 

NbCo2 

Nb2Co40^  -  hexagonal 

(Matched  also  some 
NbFe04  cards) 

13  -464 
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microprobe  results  presented  in  Figure  29(e-h)  show  the  distribution  ot  niobium  and  aluminum 

through  the  scale-metal  interface.  The  AIjO^  scale  layer  forms  adjacent  to  the  metal  oxide 

interface,  see  A  on  Figure  29(h)  and  Figure  29(d).  In  this  region,  the  niobium  concentration 

appears  to  be  down  to  the  base  line  count.  The  NbAIO^  portion  of  the  scale  is  concentrated 

in  the  gray  oxide  region,  presumably  at  the  area  labeled  B  in  Figure  29(h).  Berkowitz- 
(21)  o 

Mattuck  and  Rossettev  ,  report  that  above  900  C,  the  protective  barrier  on  NbAI^  was 
found  to  be  the  AIjO^  layer.  Additional  work  would  be  necessary  to  determine  if  the 
formation  of  NbAIO^  is  due  to  the  elevated  temperature  exposure. 

3.2.2  NbCr2 

The  next  most  promising  intermetal  lie  was  NbGj  shown  in  Figure  34.  Two  separate  views 
of  the  oxide  metal  interface  are  shown.  Figure  34(d)  and  (g)  show  the  results  of  acid  etching 
in  Hf-HNO^-H^O  at  500X  and  75X,  respectively.  Figure  34(c-h)  shows  the  structure 
revealed  by  an  electroetch  technique.  The  electroetch  technique  reveals  several  affected 
layers  not  revealed  by  the  acid  etch  technique.  The  microprobe  results,  Figure  34(e,  f,  i) 
reveal  compositional  discontinuities.  The  region  A  on  Figure  34(g)  shows  an  area  almost 
completely  depleted  in  Cr.  Figure  34(d)  shows  the  same  area,  and  it  is  grossly  over  etched. 
This  depleted  zone  is  continuous  across  the  surface  of  the  sample  as  is  shown  in  Figure  34(f),  a 
photograph  of  the  Cr  composition  across  the  sample  cross  section.  The  chromium  composition 
also  has  minimum  at  B  about  30p  below  the  grossly  depleted  zone.  There  seems  to  be  another 
steady  increase  in  chromium  composition  until  another  depression  in  the  composition  curve 
occurs  at  C  about  120p,  which  is  in  the  region  C-B,  Figure  34(g  and  h).  The  x-ray  diffraction 
analysis  of  the  oxides  indicates  both  CrNbO^  and  phases.  This  is  analogous  to  the 

two  phases  found  in  the  NbAI^  intermetallic  oxidation  products.  However,  from  the  data 
presented,  the  position  of  the  CrjOj  layer  *s  not  readily  identified.  By  virtue  of  the  Cr 
peak  in  Figure  34(g)  and  the  increased  intensity  of  Cr  shown  in  Figure  34(g),  the  C^O^ 
appears  to  be  located  at  the  oxide-gas  interface  rather  than  at  the  oxide-metal  interface  as 
was  found  for  the  NbAI^  intermetallic. 
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3.2.3  NbFo2 


Figure  33  (a-g)  shows  the  microstructures  of  the  as -cast  and  oxidized  NbFe2  intermetallic 
after  exposure  at  1200°C.  Figure  33(c)  shows  the  as-polished  structure  at  75X.  Note  the 
two  different  gray  tones  on  the  oxide  scale  with  the  light  outer  surface  layer.  Figure  33(d) 
is  an  enlarged  view  of  the  oxlde-mietal  interface  at  500X.  Figure  33(e)  and  (f)  are  500X 
and  75X  views  of  the  oxide-metol  interface  in  the  etched  condition.  Four  major  zones  are 
defined  in  this  photomicrograph  (A,  B,  C,  D).  Figure  33(g-j)  shows  the  results  of  the 
electron  microprobe  study  of  this  oxide  metal  interface.  This  trace  induces  zones  D,  C, 
and  part  of  B.  Nb  is  initially  oxidized  preferentially  leaving  an  iron  rich  layer  at  the  C-D 
interface.  Zones  B  and  C  exhibit  some  gross  phase  separation.  It  appears  that  the  light 
areas  in  Figure  33(g)  in  the  bockscattered  electron  mode  are  the  Nb  rich  areas  thus  corresponding 
to  the  non-etched  areas  on  Figure  33(e).  In  this  figure  zone  A  appears  to  have  Fe  precipitat'na 
out  on  definite  crystallographic  planes  or  selective  internal  oxidation  occurring  causing  the 
precipitation  of  an  oxide  product  which  is  preferentially  etched  away.  There  does  appear  to 
be  a  large  internally  oxidized  zone  in  this  alloy.  FejO^  was  °l*°  found  in  the  oxide  scale. 

From  the  results  obtoined,  it  is  not  possible  to  determine  if  FejO^  *s  ^orme^  os  a  protective 
layer.  However,  at  C  there  does  appear  to  be  o  region  devoid  of  Nb  and  rich  in  Fe. 

3.2.4  NbCo2 

Although  at  I200°C  NbCo2  was  not  oxidation  resistant,  the  oxide  sca'es  formed  are  quite 
interesting.  The  intermetallic  NbCo2  after  oxidation  exhibited  a  gla  sy  exterior  which  did 
not  crock  on  cooling.  The  streamline  shape  of  the  sample  strongiy  indicates  that  a  liquid 
phase  surface  compound  was  formed  during  oxidation.  Shunkv  '  reports  that  the  Nb-Co 
eutectic  at  85.  5  a/o  Co  melts  at  1210  +  I0°C.  The  microprobe  scan  (Figure  37)  shows  the 
glassy  phase  to  consist  of  predominantly  Co.  Figure  32(d)  shov/s  a  500X  enlargement  of  the 
glassy  phase  showing  metallic  Co  spheroids  in  the  matrix.  It  appears  as  if  the  glassy  phase 
forms  after  some  initial  oxidation  occurs.  The  oxidation  kinetics  in  Figure  37  and  Figure  38 


70 


Astronuclear 

Laboratory 


show  that  initially  a  rapid  linear  weight  gain  occurs  followed  by  oxidation  at  a  decreasing 
rate  approaching  a  straight  line  in  Figure  38  indicating  that  a  diffusion  process  through  the 
scale  began  to  control  the  oxidation  rate.  The  microproba  trace  shows  that  Nb  is  apparently 
rejected  back  into  the  oxide  scale  immediately  below  the  glassy  surface. 


3.2.5  NbNi,  Nb2AI,  Nb^AI 

These  compounds  were  not  oxidation  resistant.  Figures  35(c-d),  30  (c-d),  31  (c-d)  show  the 
massive  oxide  phases  formed  on  NbNi,  NbjAl,  and  Nb^AI,  respectively.  Table  6  indicates 
that  for  these  three  compounds  as  well  as  for  NbCo2/  oxide  structures  such  as  Al203-9Nb205, 
NbjOj,  NbjCo^Op  (hematite),  and  NbjNiO^  (columbite)  were  formed.  In  contrast, 
on  the  compounds  which  exhibited  good  oxidation  behavior,  the  BNbO^  (rutile)  -  BjO^ 
(hematite)  oxide  structures  were  found,  where  B  =  Cr,  Al,  or  Fe. 
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4.0  OXIDATION  BEHAVIOR  OF  EXPERIMENTAL  NIOBIUM  ALLOYS 


4. 1  ALLOY  PREPARATION  AND  CHARACTERIZATION 

Five  alloys  whose  compositions  are  shown  on  Table  7  were  prepared  from 
pure  starting  materials  including  arc  melted  Nb  and  electro^efined  Cr.  The  alloy 
constituents  were  weighed  and  then  arc-melted  into  buttons  using  a  tungsten-arc  button 
melting  furnace.  The  buttons  are  shown  in  Figure  39.  On  cooling,  the  alloys  were  cut 
into  regular  shapes  for  oxidation  testing  using  a  diamond  impregnated  saw.  The  alloys 
were  pulverized  and  subjected  to  x-ray  diffraction  analysis.  Positive  identification  was 
very  difficult  due  to  the  numerous  lines,  the  overlapping,  and  the  lack  of  any  matching 
data  in  the  card  files  for  these  compounds.  Table  7  indicates  the  identifiable  phases 
but  is  in  no  way  inclusive  or  completely  characteristic  of  the  alloy. 

The  microstructures  of  the  as-cast  alloys  are  shown  in  Figures  40-44  (a  and  b).  The  Vickers 
hardness  numbers  are  given  in  Table  8. 

Area  scans  for  elemental  segregation  were  made  for  all  of  the  alloys  in  the  as-melted  con¬ 
dition  to  determine  the  elements  contained  in  the  various  phases  shown  in  the  photomicrograph 
and  to  possibly  correlate  this  with  the  x-ray  analysis  of  the  as-melted  alloy. 

Alloys  DU-1,  DU-2,  and  DU-3  did  not  show  any  elemental  segregation  in  the  as-cost 
form.  DU-4  and  UC-5  did  show  phase  segregation,  and  these  area  scans  are  shown  in 
Figures  43  (h-l)  and  44  (d-g).  For  DU-4,  the  light  patches  shown  in  the  photomicrographs 
are  basically  Nb-AI  compounds  depleted  in  Fe.  The  matrix  phase  contains  the  Nb-Fe-Al 
constituents  of  the  alloy. 

The  light  phases  in  the  alloy  UC-5  are  depleted  in  Fe  as  was  the  case  for  UC-4.  They  appear 
to  be  o  Nb  phase  with  small  quantities  of  Ti  present.  The  matrix  appears  to  be  an  Fe-Ti  rich 
phase  depleted  in  Nb. 
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Table  7.  Results  of  the  Debye  X-ray  Diffraction  Analysis  on 
As-melted  Niobium  Based  Alloys 


Alloy** 

Phases  Identified* 

ASTM 

Card  No. 

DU-1  ** 

Matches  closely  the  lines  for 
NbCr2  with  a  lattice  parameter 
change. 

DU-2  ** 

Film  more  closely  matches  NbNi 
with  lattice  parameter  change 

DU-3** 

Same  as  above 

DU-4** 

-o  -a 
Z  Z 

12  -  85 
14-458 

UC-5** 

Nb-Fe 

Ti-Nb 

20  -  1142 

17  -  102 

*  Identification  is  difficult  due  to  numerous  lines  and  overlapping 
and  the  lack  of  matching  data  for  these  compounds. 

**  Alloy  compositions  in  weight  percent 

DU-1  Nb-19Cr-10Al-15Co 
DU-2  Nb-10Cr-10Al-15Ni 
DU-3  Nb-9Cr-10Al-25Ni 
DU-4  Nb-10Fe-19Ai 
UC-5  Nb-20Fe-15Ti-.5B 
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*gu  e  39.  As-melted  Buttons  of  Dupont  and  Union  Carbide  Oxidation  Resistant  Alloys 
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Figure  40.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  for  the  Alloy 
Nb -1 9Cr-1 0AI-1 5Co  (DU— 1  )  After  Air  Oxidation  for  1456  Minutes 
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Figure  40  (f — k ).  Microprobe  Photographs  Showing  Elemental  Distribution 
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Figure  401.  Elemental  Electron  Microprobe  Scans  for  Cr,  Co.  Al,  and  Nb 
Across  the  Oxide  and  Affected  Metal  Zone 
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Figure  41.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  of  the  Alloy 
Nb-10Cr-10AI-)5N?  (DU-2)  After  Air  Oxidation  at  1200°C  for  1360  min. 


78 


Astronuclear 

Laboratory 


24709 


Oxidation  Zone  (unetched) 


Backscatter  Electron 
Figure  41  (e~g).  Continued 


Chromium  Distribution 


Aluminum  Distribution 


B  N?  24709 


to  f  A  >  |B  Nb 

Niobium  Distribution 


24709 


Nickel  Distribution 


Figuie  41(h-k).  Microprobe  Photographs  Showing  Elemental  Distribution 
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Figure  42.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  of  the  Alloy 
Nb-9Cr-10AI-25Ni  (DU-3)  After  Air  Oxidation  for  1647  minutes  at  1200  C 
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Figure  42(f-i).  Microprobe  Photographs  Showing  Elemer.ro*  Distribution 
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Figure  43(m-p).  Microprobe  Photographs  Showing  Elemental  Distribution  in  the  Oxide  Scale 
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Figure  44.  Microstructure,  Oxide-Metal  Interface,  and  Elemental  Distribution 
of  the  Alloy  Nb-20Fe-l 5Ti-0.  5B  After  1119  minutes  at  1200°C 
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Table  8.  DPH  Hardness  Values  for  As-cast  Nb  Based  Oxidation  Resistant  Alloys 


Hardness 

Load 

(kg) 

DU-1 

793 

30 

DU-2 

855 

10 

DU-3 

421 

30 

DU-4 

833 

10 

UC-5 

604 

30 
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4.2  OXIDATION  RESULTS 


The  oxidation  rates  of  the  five  alloys  at  120C  C  are  plotted  in  Figure  45  as  weight  loss/cm 

2  4... 

vs  time  and  as  (weight  loss)  /cm  vs  time  in  Figure  46.  From  the  slopes  of  the  lines  in 
Figure  46  the  parabolic  rate  constants  for  the  specific  alloys  listed  in  Table  ?  were  cal¬ 
culated.  For  the  alloys  with  initial  and  final  rate  constants,  this  indicates  two  distinct 
straight  line  regions.  Only  DU-1  shows  a  decrease  in  rate  constant  with  time.  The  oxide 
phases  identified  by  x-ray  diffraction  are  listed  in  Table  10. 
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4.2.1  DU-l-Nb-19Cr-10AI-15Co 

Figure  40(f)  and  (g)  at  75X  show  three  distinct  zones  in  the  alloy  labeled  I,  II,  and  III 
excluding  the  oxide  phase.  Figure  40  (c  and  d)  shows  a  500X  enlargement  of  the  oxide 
metal  interface.  At  the  higher  magnification,  the  boundary  between  zone  I  and  II  at  C 
is  not  as  evident.  The  electron  beam  microprobe  results  are  presented  in  Figure  40  (h-k) 
as  area  photographs  and  in  Figure  40(1)  as  elemental  scans.  The  oxidation  process  is 
quite  complicated.  First  of  all,  CrjOg  is  preferentially  oxidized  into  the  scale.  Then 
a  CrNbO^  rutile  phase  is  formed  and  then  the  CoA^O^  spinel.  As  the  Nb  and  Cr  con¬ 
centrations  decrease,  cobalt  is  concentrated  at  A  (Figure  40j).  Between  the  Cr  rich 
outer  scale  structure  and  the  cobalt  rich  interface,  the  oxide  appears  to  be  predominantly 
a  Nb-AI  compound.  This  zone  appears  to  be  preferentially  attacked  in  the  area  just 
above  zone  I,  A  in  Figure  40  (c  and  g).  Based  on  Figure  40(g),  the  total  affected  metal 
zone  appears  to  be  about  170-180p  deep. 


4. 2. 2  DU-2-Nb-10Cr-10A-15Ni 

Figure  41  (c-f)  shows  the  etched  and  unetched  oxide  metal  interfaces.  The  phase  or  zone 
adjacent  to  the  oxide  in  Figure  41(d)  is  not  continuous.  Figure  40(c)  shows  the  structure 
at  B  to  be  easily  etched.  Figure  40(h)  and  the  Ni  scan  on  Figure  40(1)  indicate  that 
little  or  no  nickel  is  incorporated  into  the  oxide  scale.  In  fact,  the  nickel  concentration 
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Table  9.  Parabolic  Rate  Constants  for  the  Niobium  Based  Alloys 


Parabolic  Rate  Constant 
(mg^/cm^/min) 

Initial 

Final 

DU-1 

.045 

.037 

DU-2 

.115 

.543 

DU-3 

.300 

1.2 

DU-4 

.323 

1.32 

UC-5 

25. 283 

— 
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Table  10.  Results  of  Debye  X-ray  Diffraction  Analysis  on  the  Oxides  Formed  at 
1200°C  on  the  As-melted  Niobium  Based  Alloys 


Alloy 

Phases  Identified 

ASTM 

Card  No. 

DU-4 

Nb-Fe-AI 

AINb04 

14-494 

UC-5 

Nb-Fe-Ti-B 

i 

Rutile  Structure  Ti02 

Matches  CrNbO^ 

(but  no  Cr  in  alloy) 

Ti02 

Fe-Nb-Ti-0 

NbjO^  &  Ti-Nb-0 
(Matcn  some  extra  lines) 

4  -  0550 

20-311 

21  -  1276 

16  -  934 

!  DU-3 

1 

Nb-Cr-AI-Ni 

Rutile  Structure 

(CrNb04) 

AlNbO. 

4 

Very  weak  possible  "Nb20g" 

20-311 

14-494 

DU-2 

Same  as  DU-3  except  for 
small  parameter  change 

DU-1 

Rutile  Structure 

(Cr  Nb04) 

CoAI204 

(a  ~  8. 25) 

'  0 

20-311 

10-458 

l 
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Figure  45.  Oxidation  Kinetics  of  Some  Experimental  Niobium  Alloys  in  Air  at  1200  C 
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appears  to  be  built  up  just  ahead  of  B.  At  the  point  where  the  nickel  concentration 
increases,  the  Nb  concentration  decreases,  and  the  aluminum  concentration  also  reaches 
a  minimum.  The  x-ray  diffraction  results  also  indicate  no  nickel  containing  compounds 
in  the  oxide.  The  internal  oxidation  zone  A-B  contains  a  large  percentage  of  the 
aluminum.  Apparently,  the  aluminum  is  internally  oxidized  before  incorporation  into  the 
scale.  In  this  zone  high  Al  peaks  are  associated  with  low  Cr  peaks,  and  the  high  Cr 
peaks  are  associated  with  the  low  Al  peaks.  The  zone  below  B,  which  appears  on  Figure 
40(e),  is  apparently  depleted  in  chromium  concentration  because  immediately  below  this 
a  large  Cr  peak  is  evident.  In  the  oxide,  the  chromium  peaks  can  be  closely  associated 
with  the  structure  in  the  oxide  at  C,  D,  and  E  as  shown  in  Figure  41  (f  and  I).  Again, 
the  rutile  type  BNbO^  structure  is  predominant  in  the  oxide.  The  affected  metal  zone 
extends  about  70  p  below  the  oxide-metal  interface. 

4.2.3  DU-3;Nb-9Cr-10AI-25Ni 

The  general  oxidation  behavior  of  this  alloy  is  similar  to  that  of  alloy  DU-2  in  that  no 

Ni  is  formed  in  the  scale  but  is  rejected  back  into  the  first  affected  zone  below  A.  The 

scale  forms  the  rutile  oxides  as  shown  in  DU-2.  The  additional  nickel  appears  to  cause  a 

2 

larger  affected  zone  o  i  a  thicker  oxide  scale  as  is  shown  by  the  larger  weight  gain/cm 
with  time.  In  addition,  the  largest  chromium  concentration  in  the  oxide  now  appears  to 
be  below  the  surface;  v/hereas  for  DU-2,  the  Cr  seemed  to  be  concentrated  in  three 
specific  layers. 

4.2.4  DU-4;Nb-10Fe-19AI 

DU-4  exhibited  better  oxidation  resistance  than  did  DU-3.  However,  the  oxidation 
behavior  was  not  uniform  over  the  surface  of  the  sample.  Figure  43(c)  indicates  the 
selective  oxidation  of  the  Nb-AI  rich  phase  depleted  in  iron  (Figure  43i).  Compare 
the  oxidation  products  shown  in  Figure  43(g)  with  those  shown  in  Figure  43(c).  Where 
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the  iron  depleted  phase  is  finely  distributed,  the  oxidation  front  proceeds  with  the  pro¬ 
duction  of  an  adherent  oxide  scale.  The  metallic  phase  in  the  oxide  scale  shown  in  Figure 
43(g)  is  iron.  Figure  43(o)  shows  the  iron  distribution. 

Microprobe  examination  of  the  oxide  metal  interface  of  alloy  DU-4  (Figure  43  m-p) 
shows  that  the  outer  oxide  consists  of  a  niobium  alumina-oxygen  region  (A),  a  region  in 
which  iron  is  concentrated  along  with  quantities  of  NbAI  and  Fe(B),  then  a  region  delete 
of  iron  on  the  oxide  side  of  the  oxide-metal  interface  (C).  An  aluminum  enriched  zone 
appears  in  the  metallic  layer,  probably  the  result  of  the  internal  oxidation  of  aluminum 
by  the  alloy. 

4.2.5  UC-5;Nb-20Fe-15Ti-0.  5B 

UC-5  oxidized  quite  rapidly,  and  the  scale  spalled.  The  oxide  contained  a  rutile 
structure  which  matched  the  card  for  CrNbO^  even  though  there  was  no  chromium  in  the 
alloy.  This  must  be  a  Ti  NbO^  compound.  However,  several  other  oxides  were  also  found 
in  the  scale.  This  is  typical  of  the  nonprotective  oxides  formed  on  these  alloys. 

Unless  the  rutile-hematite  structure  is  present  in  the  scale,  the  oxidation  behavior  of 
the  alloys  was  extremely  poor. 
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5.0  OXIDATION  BEHAVIOR  OF  Nb-Ti-Cr-AI  ALLOYS 

Samples  of  Solar's^)  J-Alloy  (Nb-40Ti-9Cr-4AI)  and  B-IV  Alloy  (Nb-42Ti-4Cr-4AI-IV) 
were  acquired  from  the  Solar  Division  of  International  Harvester.  These  alloys  have  been 
oxidized  in  air,  kinetic  data  obtained,  and  x-ray  analyses  have  been  made  of  the  scales 
formed.  Also,  microprobe  traces  across  the  samples  were  made  to  determine  the  movement 
of  the  elements  during  oxidation  in  air  at  1000°C  and  1200°C. 

The  samples  in  the  form  of  10  mil  sheets  were  first  oxidized  in  air  in  the  Stanton  Thermo¬ 
balance.  Figure  47  shows  the  external  appearance  of  the  alloys  after  oxidation.  The  Solar 
Alloy-J  exposed  for  16  hours  at  1200°C  was  purposely  cracked  after  exposure.  In  the  thin 
section,  all  of  the  1200°C  alloys  were  brittle,  even  after  4-hour  exposure. 

2 

The  oxidation  data  are  plotted  in  Figure  48  as  AM/A  (milligrams/cm  )  and  in  Figure  49  as 
AMZ/AZ  (milligramsvcm  ;,  the  latter  to  indicate  deviations  from  parabolic  oxidation 
behavior.  Figures  50  through  57  show  the  etched  and  unetched  microstructures  and  the 
oxidation  products  formed  as  well  as  microprobe  profiles  across  the  oxide-matrix-oxide 
sample.  The  microprobe  traces  were  made  using  a  scanning  electron  beam  rather  than  by 
moving  the  sample  under  a  stationary  electron  beam.  The  slope  in  some  of  the  profiles, 
i.  e. ,  Figure  50  (Ti— 30K )  is  the  result  of  a  change  in  the  angle  of  the  emitted  x-rays  and 
the  detector  and  is  not  composition  dependent. 

5. 1  J-ALLOY;  Nb-40Ti-9Cr-4AI 

Figures  50-53  show  the  effects  of  exposures  of  4  and  16  hours  at  1000°C  and  4  and  16  hours 
at  1200°C  for  the  Solar-J  Alloy  in  air.  Figure  50,  4  hours  at  1000°C,  shows  no  depleted 
regions;  the  alloy  remaining  quite  homogeneous.  Figure  51,  16  hours  at  1000°C,  begins  to 
show  chromium  in  the  outer  scale  (Figure  51  d).  In  Figure  51(e),  this  chrome  concentration  in 
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Figure  47.  Post -oxidation  Appearance  of  the  Solar  Alloys  Oxidized 
in  Air  at  the  Conditions  Indicated 
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Figure  50 
Sol 


(c)  Backscatter  electron  pattern 


(b)  As-etched 


(d)  Chromium  Distribution 


51.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  for  the 
Solar-J  Alloy  after  a  16  hour  Air  Oxidation  Exposure  at  1000°C 


the  scale  is  denoted  by  the  peaks  at  C  on  the  chromium  trace.  By  comparing  the  microprobe 
traces  for  chromium  and  titanium  it  is  evident  that  the  chromium  rich  areas  are  areas  also 
depleted  in  titanium  (see  lines  A-A  and  B-B  in  Figure  5le).  Tht  areas  attacked  by  the  etching 
appear  to  be  rich  in  titanium  and  depleted  in  chromium.  This  fact  will  become  evident  as 
the  time  and  temperature  of  the  oxidation  exposure  is  increased. 

Figure  52  shows  the  effect  of  4  hours  exposure  at  1200°C.  Here  an  oxide  scale  is  formed  as 
well  as  a  depleted  layer  between  the  oxide  and  matrix.  Figure  52(c)  shows  the  chromium 
segregation  in  the  outer  edge  of  the  oxide  scale,  as  was  also  seen  in  Figure  51.  Figure  52(f) 

also  shows  an  aluminum  concentration  in  the  outer  most  part  of  the  oxide  scale.  This  is  also 
shown  on  Figure  52g,  identified  by  B  and  D.  These  two  conditions  indicate  that  both  chromium 
and  aluminum  are  preferentially  oxidized  until  their  concentration  is  depleted  from  the  sub¬ 
surface  layer.  The  rate  of  chromium  and  aluminum  consumption  is  then  dependent  on  their 
rate  of  diffusion  from  the  matrix  through  the  depleted  layer  and  through  the  oxide  layer.  As 
noted  previously  in  Figure  51e  line  A-A  in  Figure  52g  denotes  the  mutual  separation  of  the 
titanium  and  chromium  in  the  metal  phase.  This  is  also  shown  by  comparing  Figi  es  52c  and 
52<J.  The  area  denoted  by  C-C  indicates  that  Nb  and  Al  concentrations  vary  together,  indicating 
a  mutual  affinity  of  these  elements  for  each  other  in  the  matrix. 

Figure  53  supports  the  conclusions  made  above  and  also  indicates  that  titanium  and  chromium 
are  present  together  in  the  oxide,  although  as  previously  indicated,  these  elements  tend  to 
segregate  in  the  matrix.  Lines  A-A  and  B-B  in  Figure  53g  show  that  the  titanium  rich  areas 
are  depleted  in  niobium  and  aluminum,  also.  This  sample  does  not  show  the  same  relationship 
between  chromium  and  aluminum  as  did  the  three  previous  samples,  however,  note  that  chromium 
moved  almost  completely  out  of  the  matrix  (see  D  in  Figure  53g). 
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(a)  As-polished 
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(b)  As-etched 
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(d)  Titanium  Distribution 


(e)  Niobium  Distribution 


(c)  Chromium  Distribution 


(f)  Aluminum  Distribution 


Figure  52.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  for  the 
Solar-J  Alloy  after  a  4  hour  Air  Oxidation  Exposure  at  1200°C 
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Figure  52g.  Elemental  Electron  Microprobe  Scans  of  Cr,  Ti,  Al,  and  Nb 
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(a)  As-polished 


24538 


(b)  As-etched 


(d)  Titanium  Distribution 


(e)  Niobium  Distribution 


(c)  Chromium  Distribution 


(f)  Aluminum  Distribution 

Figure  53.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  for  the 
Solar-J  Alloy  after  a  16  hour  Air  Oxidation  Exposure  at  1200°C 
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Figure  53g.  Elemental  Electron  Microprobe  Scans  of  Cr,  Ti,  Al,  and  Nb 
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5.2  B-IV  ALLOY:  Nb-42Ti-4Cr-4AI-IV 

Figures  54-57  show  that  the  same  general  behavior,  noted  above  for  the  J  alloy,  is  found  for 
the  B-IV  alloy.  One  weight  percent  vanadium  was  added  to  the  alloy,  and  the  chromium 
content  was  decreased.  Microprobe  traces  were  made,  and  of  all  the  elements,  the  vanadium 
distribution  was  least  affected  by  the  oxidation  exposure.  As  indicated  in  Figure  48,  the 
B-IV  alloy  does  oxidize  at  a  faster  rate.  This  is  also  shown  by  comparing  the  relative  scale 
thickness  of  the  J  alloy  and  the  B-IV  alloy  at  comparable  exposure  conditions.  The  same 
relationship  between  areas  rich  in  Cr,  Nb,  and  Al  and  depleted  in  titanium  are  identical  with 
that  observed  for  the  J-alloy  as  is  shown  by  line  A-A  in  Figure  56g.  The  mixing  of  chromium 
and  titanium  in  the  oxide  is  shown  in  Figure  57g  at  line  A-A  and  B-B. 

5.3  DISCUSSION  OF  RESULTS 

From  the  microprobe  results  and  metallographic  examination  it  appears  that  both  alloys 
behave  similarly  during  elevated  temperature  exposure  with  the  B-IV  oxidizing  at  a  faster 
rate  than  the  J  alloy.  The  x-ray  data  in  Table  II  indicate  the  only  observable  difference 
between  the  oxides  formed  on  the  two  alloys.  In  the  J  alloy  a  rutile  oxide,  (Cr,AI)NbO^, 
is  formed  along  with  a  NbCrj  intermetal  lie.  On  the  oxide  formed  in  the  B-IV  alloy 
an  additional  oxide  Ti02~Nb20^  is  found  along  with  the  rutile  structure  and  NbCrj. 

The  oxygen  diffusion  measurements  in  the  mixed  niobates  indicate  that  oxygen  diffusion  is 
slower  in  CrNbO^  than  in  any  other  binary  niobate  tested  thus  far.  Thus,  it  appears  that 
the  decrease  in  chromium  content  in  the  B-IV  alloy  allows  some  Ti02~Nb202  oxide  to 
form  in  the  rutile  (Cr,AI)  NbO^  and  thus  increases  the  rate  of  oxygen  diffusion  through 
the  scale. 
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(c)  Microprobe  Traces 


Figure  54.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  for  the 
Solar-B-IV  Alloy  after  a  4  hour  Air  Oxidation  Exposure  at  1000  C 
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(b)  As-etched 
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Figure  55.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  for  the 
Solar  B-IV  Alio/  after  a  16  hour  Air  Oxidation  Exposure  at  1000°C 
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Figure  56.  Microstructure#  Oxide  Scale#  and  Elemental  Distribution  for  the 


Solar  B-IV  Alloy  after  a  4  hour  Air  Oxidation  Exposure  at  1200°C 
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Figure  56g.  Elemental  Electron  Microprobe  Scans  of  Cr,  V,  Ti,  Al,  and  Nb 
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Figure  57.  Microstructure,  Oxide  Scale,  and  Elemental  Distribution  for  the 
Solar  B-IV  Alloy  after  a  16  hour  air  Oxidation  Exposure  at  1200  C 
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Table  II.  Results  of  the  Debye  X-ray  Diffraction  Analysis  of  the 
Solar  J  and  Solar  B-IV  Alloys  After  Oxidation _ 


Air  Exposure 

Alloy 

Time 
(hrs. ) 

;  Temp. 

(oC) 

Phases  identified 

J 

4 

1000 

Strong  matrix  and  very  weak  NbCrj 

16 

1000 

Strong  matrix,  weak  NbC^  and  very 
weak  rutile*  structure. 

4 

1200 

Strong  rutile*,  a  weak  NbC^,  and 
a  very  weak  matrix. 

16 

1200 

Strong  rutile*,  and  a  medium  NbCr2 

B-IV 

4 

1000 

Strona  matrix  (B.  C.  C.  with  aQ 

3. 25  A).  Weak  rutile*  pattern 
and  possibly  a  very  weak  NbC^. 

16 

1000 

Weak  matrix,  medium  rutile*, 
weak  Nb20c-T?02,  possibly 

NbCr2 

4 

1200 

Strong  rutile*,  very  weak  matrix, 
and  very  weak  NbC^ 

16 

1200 

Strong  rutile*,  medium  - 

TiC^,  weak  NbCr2 

* 


The  rutile  structure  is  a  tetragonal  structure  (ASTM-20-31 1 -NbCrO^) 
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6.0  GENERAL  DISCUSSION 

This  report  has  presented  the  oxidation  behavior  of  Nb  intermetal  lie  compounds  containing 

Cr,  Al,  and  Fe  Nb  based  alloys  containing  Cr-AI-Ni,  Cr-AI-Co,  Al-Fe,  and  the  Solar 

alloys  Ti-Cr-AI  with  and  without  vanadium.  In  every  case  the  more  protective  scales 

contained  a  rutile  phase  Nb(B)0^  where  B  =  Fe,  Cr,  or  Al  and  either  a  hematite  type 

oxide  BjOg  or  a  spinel  CoAIjO^.  In  all  scales  that  were  non  protective,  the  oxides  showed 

additional  phases  present  in  the  oxide.  In  the  Nb  based  alloys,  oxidation  behavior  is  very 

complicated.  It  appears  that  aluminum  is  first  internally  oxidized  as  chromium  is  oxidized 

into  the  scale.  The  niobium  apparently  distributes  itself  evenly  throughout  all  the  particular 

phases.  Nickel  has  very  little  effect  on  the  structure  of  the  scale,  it  being  almost  completely 

rejected  back  into  the  alloy  as  the  more  reactive  components  oxidize.  Cobalt  and  aluminum 

-1 1  2 

form  a  spinel  through  which  the  cobalt  diffusion  is  reported  to  be  about  10  cm  /sec  at 
1300°C(2). 

From  the  oxygen  diffusion  data  generated,  only  one  of  the  rutile  structures,  particularly 
CrNbO^,  controlled  oxygen  diffusion  enough  to  be  considered  protective.  Yet  in  some 
other  scales  during  similar  x-ray  diffraction  patterns  such  as  AINbO^  and  TiOj-NbjO^ 
were  part  of  the  protective  oxide  layer.  It  is  also  possible  that  the  B20g-Nb(B)0^  dual 
structure  is  required  for  oxidation  protection,  one  of  these  two  phases  being  required  to  form 
a  protective  scale.  The  oxidation  rates  of  the  DU-1,  DU-2,  and  DU-4  alloys  are  low 
enough  that  they  could  be  considered  as  potential  high-temperature  alloys  for  many  specific 
applications  such  as  short  time-high  performance  engines  and  combustors.  However,  these 
alloys  are  very  brittle  and  impossible  to  form  in  the  as-melted  state. 

The  compositional  limits  which  govern  the  protective  formation  and  growth  of  these  oxides 

has  yet  to  be  defined.  In  addition,  the  phase  equilibrium  between  the  complex  alloys 

and  between  the  oxide  phases  has  not  been  determined.  In  addition,  the  effect  of  reduced  oxygen 
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partial  pressures  on  the  equilibrium  structure  of  the  mixed  oxides  is  not  understood.  Until 

this  data  is  available,  it  will  not  be  possible  to  fully  understand  the  interaction  between 

(29) 

a  complex  alloy,  its  oxide  scale,  and  its  oxygen  environment.  Goldschmidt'  reports 
the  considerable  lattitude  in  lattice  spacing,  lattice  defects,  and  ordering  effects  which 
can  influence  the  diffusion  propen ies  of  a  rutile  type  structure,  depending  on  cation 
composition  and  anion  nonstoichiometry. 

The  discovery  of  the  slow  oxygen  transport  rate  in  CrNbO.  confirms  the  selection  by 

(30)  4 

Mayo,  et  al  '  of  CrNbO^  as  a  protective  oxide,  although  their  selection  was  based  on 

dilatometric  data.  Their  work  on  50-50  atomic  %  Cr-Nb  alloys,  however,  revealed  a 

oxide  in  the  scale  as  well  as  the  CrNbO^  phase.  CrNbO^  was  shown  formed 

on  the  intermetal  lie  NbCrj  compound.  The  Nb-Fe-Al  DU-4  has  not  been  previously  touted 

as  an  oxygen  resistant  alloy,  however,  both  the  slow  oxidation  of  NbFej  and  the  DU-4  alloy 

give  credence  to  further  investigation. 
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7.0  CONCLUSIONS 


The  oxide  scales  formed  on  the  more  oxidation  resistant  niobium  based  alloys 
investigated  during  this  program  all  contained  a  rutile  structure  type  oxide  Nb(B)0^ 
where  B  =  Cr,  Al,  or  Fe.  In  addition,  a  hematite  ^O^  ora  CoA^O^  spinel  was 
also  found  in  the  oxide  scale  along  with  the  rutile  phase. 


The  formation  of  any  Nb20^  oxides,  identifiable  by  x-ray  diffraction  was  associated 
with  poor  oxidation  behavior. 


Oxygen  diffusion  through  C^O^-Nb^^  was  lower  than  that  measured  for  the  systems 
Al203-Nb205,  Hf02-Nb205,  Zr02-Nb205,  and  TiOj-NbjOg. 


A  niobium  based  alloy,  Nb-Cr-AI-Co  and  NbAL  exhibited  parabolic  oxidation 

2  4  ** 

constants  as  low  as  .037  -  .018  mg  /cm  /min,  respectively. 


More  work  is  needed  to  establish  compositional  phase  relationships  between  the 
mixed  niobates  and  oxygen  partial  pressure  before  a  satisfactory  definition  of  a 
protective  oxide  on  Nb-based  alloys  can  be  provided.  In  addition,  the  alloy 
constitution-oxide  constitution  compositional  relationships  must  be  established  so 
tha*  the  alloy  compositions  required  to  grow  the  protective  oxides  can  be  established. 
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APPENDIX  A 
DATA  COMPILATION 

The  data  gathered  during  these  experiments  are  tabulated  in  Appendix  A.  The  first  two 
columns  of  the  data  sheets  are  the  experimental  data,  time  in  seconds,  and  corrected 
weight  loss  in  milligrams.  The  third  column  is  the  quantity  -log  (1  -  M(t)/Q)  when  plot¬ 
ted  as  a  function  of  time;  the  slope  of  this  plot  is  used  to  determine  the  values  of  D  for 
various  oxides;  M(t)/Q  in  the  sixth  column  is  the  ratio  of  the  amount  of  oxygen  lost  at 
the  specified  time  ond  divided  by  the  total  amount  lost  during  the  equilibration.  The 
fourth  column  is  a  tabulation  of  the  weight  loss  per  area  for  the  sample  (mg/cm^).  The 
square  of  this  value  plotted  as  a  function  of  time  is  found  in  the  fifth  column.  The  last 
column  is  the  quantity  time/M(t)/A. 
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Table  CR— 1.  Weight  Losses  for  1.67:1.00  Mole  Ratio  C^O^— NI^Oi-  Between  the  Oxygen 
Partial  Pressure  Range  of  4.  7  x  10"2  to  7. 18  x  lO”1^  atm  at  850°C 
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Table  CR-3.  Weight  Losses  for  1.67:1.00  Mole  Ratio  Cr203~Nb205  Between  the  Oxygen 
Partial  Pressure  Range  of  4. 42  x  10“^  to  4.  25  x  10“^®  atm.  at  850°C 
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Table  CR*6.  Weight  Losses  for  1.67:1*00  Mole  Ratio  Cr202”Nb20^  Between  the  Oxygen 
Partial  Pressure  Range  of  4.  70  x  10“^  to  1. 33  x  10"^  atm.  at  1000°C 
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Table  CR-6  (Continued 
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Table  CR-8.  Weight  Losses  for  1.67:1.00  Mole  Ratio  Cr202_Nb20^  Between  the  Oxygen 
Partial  Pressure  Range  of  7. 017  x  10”^  to  2.  52  x  10“^  1  atm.  at  1 175°C 
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Table  CR-8  (Continued) 
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Table  ZR-1.  Weight  Losses  for  2.  85:1. 00  Mole  Ratio  Zr02~Nbo05  Between  the  Oxygen 
Partial  Pressure  Range  of  5.  7  x  10”^  to  1. 95  x  10“^atm.  at  850^C 
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Table  ZR— 3.  Weight  Losses  for  2.  85:1.00  Mole  Ratio  Zr02~Nb205  Between  the  O  gen 
Partial  Pressure  Range  of  3.88  x  10“^  to  2.  11  x  10“*^  Atm.  at  850°C 
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Table  ZR-4.  Weight  Losses  for  2.  85:1. 00  Mole  Ratio  Zr02"Nb20^  Between  the  Oxygen 
Partial  Pressure  Range  of  4.8  x  10"^  to  1.71  x  10”^  Atm.  at  1000°C 
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Table  ZR-^.  Weight  Losses  for  2. 85:1. 00  Mole  Ratio  Zr02”Nb20g  Between  the  Oxygen 
Partial  Pressure  Range  of  3. 73  x  10"**  to  1.  97  x  10"*^  Atm.  at  1000°C 
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Table  ZR-7.  Weight  Losses  for  2. 85:1. 00  Mole  Ratio  ZrC^-h^O^  Between  the  Oxygen 
Partial  Pressure  Range  of  5.6  x  10“^  to  7.  02  x  10“^  Atm.  at  1 175°C 


< 

S  l/M/MnjMfM/MM/M/MfllAJMlMOl/MAlAlOiAlAlAlAAJMAO'O'O'O'O'OOO'O'OOOO'OOO 

«  OaOOOOOOOCJOOOOOOOOOOaOQOOOOOOOOOCJOOOOOOOO 

►“ 

w  UiLULUUJlXlLlJlUUJ  LUlllLiJLULUUJLULiJUJLULiilli’JJliJlliLliLULULUUiLLilUUiLLJLUUJLlJ  >JJ  UJ  UJ  LiJ  LU  LU 

JL  n^AWNMONO,\\MO'OONHH3I)BHOftN,Mfl 

N.  ^  O  O  “O  .-9  »H  O  3  C  \J  O'O'OrOVOAJ 

it  >  t  rl  H  O  O  'O  *>  O  i\  >  .M  nN>HMAN®3,\l»«N3H 

X  WHHfHWrH^»rHTHfHrH«HfHTHrHf-«r-<f\J(NirOrO«rX\r>«.OfHfHfHTH»H(MC\Jf\IOO(\jrOK)rOrOfO^T 


h-  •  I  I  I  I  I  I  •  •  I  •  •  I . .  •  I  I  •  •  •  •  »  I  •  I  I  I  •  •  •  •  •  •  I  I 


o 

x  ®H»nr\jr\jrofOi/>  o  ®  ®  •HwHOjcgor-*-  rv  r>.  *  »h  >  ia  *•  o  o  n  n  *•  coo*  ♦  n  rv  n  n  n  o  h  o 

»-  Ht®Hmn®OH»Ol/MJ)OfOI^H(M't  ®rt»KHSrtlOIO®0(\|K)ir\t<rKNSNNOao 

W  OOOHHHn(\J(M(\l(MW»0l0l0t<t^inif\6NN«O»«>»(>>(M>OO(MMM>>O 


tr 

t/i  oooooooooooooooooooooooooooooooooooooooooo 

•  I  9  I  I  I  t  I  I  I  I  I  I  I  I  •  9  »  t  I  I  I  9  I  I  I  I  9  I  I  I  I  I  •  I  I  I  I  I  I  I  I  I 

4  LUUJUJLUUJUJLULiiUJlJJLULUliJlUUJLULiJLULlJUJ  XJdJUJUJUJLUlULULULULJJLUliJLLtLUUJliJUJLiJlJJUJlU 

\  a®HOHaOH'OTiOf®tc^rvjir\NcoHir\ooinN'OOP,or\j/\sNooinLniAiriinHDK) 

^  K)WOO^HO«HOirHM(\Mf®0'OfOC\JOOir)(\JHO^'C'OOlAiriOOC®NNNNNtlO»0 

►—  tH^)IOOlAOtlf\«HNH'Ori'OH®C'Or(inN<MOIOK)inN«OOOOHHHHrir)(NJtO 

w  (>Krg«-*o®*-if-4^H*H(vf\j*oro^in®'Orvc>rHfHf-t*H(MMrvirgtNjrvj(\i'ocM^,«oy>'OfO'OfO'0,o 


(Nir\if-l»-4W»Ht-l,Hr-l»H^THtH^^t^H»H«HrHWCDaCJOOaaOOOa300CJ0000030 
OQOD30DDDD3DDDDD3DDDDD3DDD30DODDOD30DDDODD 
<  9  I  I  I  9  I  I  «  I  I  I  «  I  I  I  I  I  I  I  « 

n.  ajojajuJUJUJLUUjajLuajLULULLjaiajLLJLuaituujajiuaiajijjLDiuiULULLiujajujLULyujLULULuujLU 

rg(MOt®OK)K)^  HO  K)N®  C\|N  ♦  HP)HHNOr0®'0«tM0'aiAH®®i\0Jt\)ry)(>J«Nt 
I—  NtHMftHD-OOQD(MO>Oin.M'0»fOv)OflHHl'\l'0,0»jM>D^M,MB4)»a®N>IO 

w  o^<oovOK)r^orO'OrviwDo^Lr»®«H®®orNjK)^-LniriLr>j>'0>orvrsr^r^r-r^r^r^r>*(X)(^oL) 


I  I  •  I  I  9  I  I  I  I  ••  I  •»  I  I  I  •  9  9  I  9  9  I  I  9  I  9  9  •  9  I  9  9  ••  9  9  I  I  I 


a 

V.  rMHH»H»-lfHr-l»H00OOO0OOO=5O000O00O0Or>tr-tr-tHr-«r-tr<»H»H*H*H*HHH 

«  000300003300330033033030303000000330000333 

h  I  t  I  I  t  I  I  I 

w  UJUlUIFUUJLilUJliJliJUJiiJUJUJUJULiUUUJUJLLIliiUillJlLiUJUiLUlilUJLULLitiiUiLUllJlUtllUJliiLlJtLIUJUi 

x  OHfoa»r'.rv.^r®®r\jo®r>.rvo®^ro®»-<o(\io»-tt>oo®ir»oo'crvrs.Lom  o  runoff  o 

I  tAOHAfO’0>OOOAAatB>(MAA'f'0®AH3,'M\A\H'OAttO<M)<M)N.)JS 

ri  fOOOOJCVJlA'OO  O  H  N  ’t  irW''®C\J,*lA®>00:X>*-^®00'£>0  HHKJtMNlAlAinifMA'ONO 

ID  . . 

O  9  I  I  9  9  9  9  9  I  9  9  I  9  9  ’  9  9  .  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  9  I 


CO  03000000 

01  t«®(N(V>0 

O  T-i*®o<\jtf>rvo 

_|  OOOr-f«HfH«H.-l 


H  I  I  I  I  •  I  I  « 

3 


03000000000 

®  v  orsjrvi'O'OCvi®^  o 

0(\lt  N  (►  HK)»  0(VU> 

(\jrvi(MfNjrgforoKj^<r^ 


»  •  I  I  «  I  I  I  I  I  • 


030030000300 
(NKD^^O'OOOV  <r  o  fo 


(  I  •  I  I  I  9  I  •  I  I  I 


03330000300 

C\JOO®®®®®CMOJ> 

Hoo(\it\jfvro(MUMOin 

OO'OOOOOOOOO 


9«  ••••«• 


000000000030000000000000000000000000000000 
«OJ®tO®(\i®V  O  ®  (\J  ®  *  000000*000000000003000000030 

Hrt!\*foro^viA'0®NN®orgin®^  o  ®  rvj  ®  »  o  o 

HHH(N»Wf\JK)K)rO»^liMfUn®'0'ONN 


A -34 


,5fc  06 


Table  ZR-8.  Weight  Losses  for  2.85:1.00  Mole  Ratio  ZrC^-NboOg  Between  the  Oxygen 
Partial  ftessure  Range  of  7.02  x  10”^  to  1.06  x  10”*  *  Atm.  at  1175°C 
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Table  ZR-9.  Weight  Losses  for  2.85:1.00  Mole  Ratio  ZrC^-NboO^  Between  the  Oxygen 
Partial  Pressure  Range  of  1.06  x  10"^  to  8.64  x  10“^  Atm.  at  1175°C 
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Table  AL-2.  Weight  Losses  for  2. 71 :1  .(X)  Mole  Ratio  AlyC^-NboO  t;  Between  the  Oxygei 
Partial  Pressure  Range  of  2. 04  x  10”^  to  3.  85  x  10”*'  Atm.  at  850°C 
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Table  AL-6.  Weight  Losses  for  2. 71 :1. 00  Mole  Ratio  A^Og-N^Oj  Between  the  Oxygen 
Partial  Pressure  Range  of  3.09  x  10-'*  to  2.  18  x  10”^  Atm.  at  1000°C 
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Table  AL-6  (Continued) 
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Table  AL-7.  Weight  Losses  for  2.71 :1. 00  Mole  Ratio  Al202~Nb205  Between  the  Oxygen 
Partial  Pressure  Range  of  4. 7  x  10"^  to  7. 26  x  10”?  Atm.  at  1 175°C 
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Table  AL-7  (Continued) 
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Table  AL-8.  Weight  Losses  far  2.  71 :1.00  Mole  Ratio  Al202*Nb205  Between  the  Oxygei 
Partial  Pressure  Range  of  7.26  x  10~9  to  1.25  x  10"11  Atm.  at  1175°C 
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Table  A-9.  Weight  Losses  for  2.71:1.00  Mole  Ratio  Al203"Nb205  Between  the  Oxygen 
Partial  Pressure  Range  of  1.25  x  10"^  to  1.24  x  10"^  Atm.  at  1175°C 
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Table  TI-3.  Weight  Losses  for  1. 67:1. 00  Mole  Ratio  TiC^-Nl^C^  Between  the  C 
Partial  (Yessure  Range  of  9. 38  x  10“*®  to  1.  98  x  10”*^  Atm.  at  850°C 
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Table  Tl-6.  Weight  Losses  for  1. 67:1. 00  Mole  Ratio  TIC^-NI^Og  Between  the  Oxygen 
Partial  Pressure  Range  of  3.4  x  10"^  to  1. 93  x  1(H  *  Atm.  at  I000°C 
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Table  TI-7.  Weight  Losses  for  1.67:1.00  Mole  Ratio  TiC^-N^Og  Between  the  Oxygen 
Partial  Pressure  Range  of  1. 93  x  10“' '  to  2.  76  x  10“'*  Atm.  at  1000°C 
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Table  Ti*8.  Weight  Losses  for  1.67:1.00  Mole  Ratio  Ti02“Nb202  Between  the  Oxygen 
Partial  Pressure  Range  of  2.  76  x  10"^  to  1.68  x  10"^  at  1000°C 
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Table  TI-10.  Weight  Losses  for  1.67:1.00  Mole  Ratio  Ti02*Nb20^  Between  the  Oxygen 
Partial  Pressure  Range  of  4.  0  x  10  ^  to  7.  98  x  10-^  Atm.  at  1175°C 


Asfronuclear 
s 3/  Laboratory 


tr 

-A 

m 

in 

3 

m 

n 

in 

n 

n 

n 

n 

o 

3 

<6 

n 

n  * 

tT 

*  * 

•n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

n 

m 

-n 

n 

n 

n 

n 

n 

a 

A 

A 

n 

o 

O 

r 

o 

o 

t « 

o 

3 

3 

3 

3 

3 

- 

3 

3 

3 

3  O 

3 

3 

3  3 

3 

3 

3 

3 

3 

3 

3 

3 

o 

3 

o 

3 

3 

3 

3 

3 

3 

3 

3 

3 

1 

-J 

3 

X 

tu 

OJ 

HI 

111 

ai 

D 

ID 

iD 

X 

X 

*D 

ID 

•XI 

ID  iD  LD 

XI 

LU 

•D  ID  Ui  ID 

ID 

XI 

D 

X 

LU 

X 

X 

X 

<d 

•u 

•x 

X 

X 

D 

X 

D 

11 

U 

X 

•D 

X 

£ 

x 

X 

n 

'O 

> 

O 

3 

n 

> 

M 

* 

9 

n 

« 

♦ 

X 

>  * 

> 

* 

3  x 

•o 

O 

M 

* 

> 

t> 

n 

3 

o 

M 

► 

X 

H 

♦ 

n 

M 

I 

O 

•%* 

9 

M 

0 

A 

X 

» 

rl 

o 

♦ 

3 

3 

> 

® 

n 

* 

o 

n 

■o 

it 

3 

♦ 

3  3 

*•4  *0 

3  n 

o 

M 

n 

3 

X 

o 

3 

O 

* 

<o 

H 

O 

n 

<0 

> 

M 

> 

* 

3 

> 

A 

r4 

X 

H 

3 

rl 

o 

o 

3 

> 

M 

n 

3 

3 

9 

X 

O 

3 

3 

o  n 

rl 

n 

H  3H 

3 

3 

* 

D 

M 

3 

3 

* 

3 

M 

n 

> 

o 

3 

3 

o 

X 

H 

A 

3 

M 

3 

£ 

♦ 

H 

rl 

rl 

(M 

Ai 

CM 

to 

to 

* 

O 

o 

n 

H 

♦ 

CM 

H  ® 

3 

3 

*  O 

rl 

H 

AI 

CM 

(M 

'O 

to 

* 

♦ 

* 

n 

n 

n 

3 

3 

X 

X 

X 

*3 

r 

C 

> 

> 

►- 

1 

• 

•  t 

1 

• 

1  1 

1 

1 

• 

« 

• 

I 

« 

1 

t 

* 

• 

i 

i 

f 

1 

1 

1 

1 

1 

1 

i 

1 

ro  H  H  IO  (M  o 
O  'O  I)  O  H  A 
HHHHOH 

o  o  o  o  o  o 


«(*)»♦  HH 
AO  9  0 
H  H  H  H  O  O 

o  o  o  o  o  o 


OOlA^OlO 
A  A  N  -O  H 
O  O  O  *  CM  to 
OOOOH1V 


9  «  rt»OrO 
O  C3  ^  O  H  a 
H  9  ON  4 
f  1AIAOON 


to  m  ♦  in  *  o 

3  ,M  4  M  O  H 
*  rt  «  <A  O  « 
N  8)  fl>  <9  t)  <9 


rO  <0  <©  «  O  «H 

H  H  O  H  H  O 
O  H  CM  tO  *  * 
^  (>  (>  O'  o  o 


O  4  N  tA  H  C 
3  >  #  >J  ©  ^ 
A  O  N  D  N  T 
O  O  O  O  O  > 


3  0* 
a  3  > 
O  O  O 
»  »  > 


l 


tr 

o 

to 

to 

*o 

to 

n  -o 

to 

to 

O 

to 

♦ 

*■ 

* 

♦ 

n 

CM 

rl 

rl 

o 

O 

3 

O 

o 

3 

o 

3 

o 

3 

3 

3 

3 

3 

3 

3 

O 

O 

o 

3 

o 

3 

o 

3 

3 

3 

3 

*o 

o 

O 

o 

o 

o  □ 

O 

O 

o 

o 

O 

o 

o 

o 

o 

o 

O 

O 

o 

O 

O 

o 

o 

O 

o 

a 

o 

O 

O 

O 

3 

O 

3 

O 

3 

o 

o 

3 

3 

3 

o 

o 

3 

=» 

3 

i 

< 

UJ 

UI 

UI 

Ui 

Ui  ui 

Ui 

X 

ui 

Ui 

X 

X 

X 

X 

Ui 

UJ 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

ID 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

D 

X 

X 

X 

in 

to 

3 

in 

to  o 

♦ 

n 

Ai 

rl 

X 

X 

•H 

rl 

to 

3 

H 

X 

o 

3 

C* 

in 

to 

H 

nj 

X 

3 

n 

X 

r . 

X 

CD 

AI 

3 

AI 

X 

CM 

X 

3 

tr 

n 

* 

O 

to 

* 

to 

o 

in 

to 

3  rl 

fx 

to 

O 

X 

to 

to 

CM 

CM 

in 

X 

O 

H 

to 

O 

3 

in 

♦ 

to 

CM 

to 

CM 

X 

> 

<3 

3 

H 

in 

*-4 

X 

3 

o 

o 

® 

o 

to 

X 

o 

to 

X 

♦- 

r-4 

to 

3 

rl 

Ai  <3 

O 

*■4 

to 

3 

to 

to 

O 

O 

o 

X 

CM 

* 

in 

H 

in 

n 

3 

* 

O 

to 

3 

3 

CM 

in 

X 

® 

3 

r-4 

CM 

* 

in 

3 

■o 

X 

X 

o 

> 

3 

CM 

H 

CM 

CM 

rl  rl 

»H 

CM 

CM 

rl 

n 

n 

CM 

CM 

n 

H 

rl 

tr 

H 

AI 

CM 

o 

to 

♦ 

♦ 

n 

n 

n 

3 

3 

3 

3 

3 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

3 

z 


rl 

H 

rl 

rl 

AJ 

r-» 

rl 

rl 

rl 

n  ai 

CM 

AI 

AI 

AI 

rl 

o 

O 

3 

O 

o 

0  3  0 

o 

o 

o 

3 

o 

o 

3 

a 

o 

O  O  '  > 

o 

O 

3 

o 

O 

o 

3  3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3  3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3  3  3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

o 

3  3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

V 

X 

X 

X 

X 

X 

X 

X 

X 

ID 

X  X 

X 

ID 

X 

X 

X 

X 

X 

X 

X 

X 

XXX 

X 

X 

X 

X 

X 

X 

X 

X 

X 

XXX 

X 

X 

X 

X 

X 

X 

XXX 

*■» 

rl 

o 

3 

H 

*• 

O* 

in 

rl 

X 

ai  n 

n 

3 

3 

(3 

n 

3 

AI 

CM 

n 

o 

Ai  n  3 

3 

n 

CM 

tn 

CD 

o 

to 

3 

CO 

3 

o  n 

* 

3 

* 

't 

A 

X 

X 

D 

t- 

3 

s 

to 

3 

CM 

tr 

3 

3 

rl 

»  3 

3 

> 

> 

tr 

n 

> 

3 

.M 

o 

3 

o  to  n 

n 

3 

3 

3 

3 

M 

3 

> 

X 

X 

3  M 

3 

rl 

3 

o 

> 

rl 

3 

a 

O 

w 

-r 

H 

3 

V 

rl 

to 

* 

n 

CM  tO 

to 

tr 

tr 

CM 

CM 

3 

rl 

O 

n 

o 

0  0  3 

3 

to 

in 

3 

CD 

> 

rl 

H 

Ai 

to 

tr  in 

3 

X 

X 

CD 

X 

Xi 

> 

> 

o 

£ 

H 

H 

rl 

rl 

H 

rl 

rl 

rl 

rl 

rl  X 

X 

tr 

♦ 

CM 

* 

rl 

CM 

to 

tr 

in 

m  3  3 

X 

X 

X 

X 

X 

X 

CO 

® 

CO 

a> 

ct>  (t> 

3 

<3 

rO 

3 

ir 

o 

D 

3 

3 

V 

CM 

AI 

AI 

AJ 

■o 

AI 

AJ 

AI 

AI 

A| 

AI 

AI 

AI 

M 

AI 

rl 

» 

3 

3 

3 

3 

O 

3 

3 

o 

o 

o 

3 

3 

3 

rl 

rl 

rl 

rl 

rl 

rl 

rl 

rl 

r| 

rl 

*— i 

r| 

-4 

rl 

rl 

** 

O 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

o 

3 

3 

3 

3 

3 

3 

3 

3 

o 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

3 

H 

X 

X 

i 

X 

X 

X 

X 

ill 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

£ 

rl 

to 

rl 

rl 

CM 

3 

to 

rl 

3 

o 

tr 

*• 

3 

3 

M- 

in 

3 

> 

* 

to 

in 

rl 

in 

AI 

o 

o 

AI 

o 

X 

in 

o 

o 

in 

3 

in 

in 

* 

X 

X 

O 

o 

o 

3 

'J 

• 

O 

3 

3 

3 

O 

3 

o 

3 

3 

o 

rl 

r« 

3 

3 

X) 

3 

m- 

n 

3 

3 

3 

Ai 

O 

n 

3 

X 

3 

rl 

3 

X 

3 

n 

3 

3 

O 

3 

3 

rl 

O 

n 

3 

rl 

M 

M 

3 

rl 

O 

3 

O 

M- 

* 

X 

a 

CM 

rl 

in 

in 

rl 

n 

3 

o 

3 

rl 

V 

rl 

3 

X 

® 

3 

in 

CM 

® 

to 

3 

AJ 

3 

o 

rl 

rl 

CM 

AI 

to 

in 

JA 

X 

3 

X 

3 

3 

CM 

X 

in 

X 

X 

in 

3 

3 

X 

X 

3 

to 

to 

CM 

CM 

r| 

CM 

in 

r| 

AJ 

to 

to 

M- 

n 

3 

X 

X 

® 

3 

O 

rl 

rl 

rl 

rl 

rl 

rl 

rl 

rl 

r| 

n 

rl 

rl 

OJ 

CM  tO 

C3 

O 


CO 

o  o 

3 

3 

3 

3 

3 

3 

3  O 

3 

3 

3 

3 

3 

O 

3 

o 

3 

3 

3 

O 

3  3 

3  0  0 

3 

3 

3 

3 

3  3 

o  o 

3 

3 

3  3 

3 

3 

3 

3 

3 

3 

to 

♦  tr 

3 

tr 

® 

3 

O 

tr 

®  Ai 

AJ 

AJ 

Ai 

CM 

3 

o 

a 

3 

CM 

® 

T> 

* 

3  ao 

▼ 

o  o 

3 

® 

tr 

® 

T  CM 

OJ  CD  CO 

tr 

tr  ® 

® 

O 

3 

O 

O 

3 

o 

o  ® 

H 

o  o  o 

o 

o 

o  o  in  in  to 

to 

rl 

o 

®  > 

O 

3 

o  tr 

o  to 

o 

O  M- 

in 

in 

m- 

3 

to  o 

3  AJ 

3 

AJ 

o  to 

® 

3 

X 

tr 

tr 

O 

-I 

rl  3 

rl 

rl 

3 

O 

rl 

rl 

rl  O 

O 

O 

3 

o  o  to 

X 

M- 

X 

Ai 

3 

Ai  AI  X 

o* 

CM  tO 

tr 

in 

3 

X 

®  ® 

O  o 

O 

rl  A|  CM  AJ  Ai 

CM 

to  o 

»o 

1 

1- 

• 

1 

• 

rl  CM  fO 

to 

M- 

▼  tr 

tr 

in  in 

in 

in  in 

in 

in  in 

in  3 

3 

3 

3  3 

3 

3 

3 

3 

3 

3 

X 

• 

1 

• 

1 

1 

«  i 

i 

i  i 

i 

i 

1* 

« 

i  i 

«  i 

• 

I 

1  1 

I 

1 

1 

1 

1 

1 

to 

I 


O  O 

O 

O 

O 

o 

3 

O 

o 

o 

O 

3 

o 

o 

o 

o 

o 

O 

O 

O 

o 

0  3  0 

O 

O 

O 

O 

3 

3 

3 

o 

3 

3 

o 

o 

o 

o 

o 

3 

3 

O 

o 

3 

O 

3  CM 

® 

M- 

o 

3 

CM 

® 

o 

3 

AI  ® 

* 

3 

3 

3 

o 

3 

o 

tr 

0  3  3 

3 

3 

O 

o 

3 

O 

O 

3 

O 

O 

3 

3 

o 

o 

o 

O 

3 

o 

o 

3 

o 

H 

rl 

CM 

to 

to 

♦ 

tr 

in 

3 

3 

X 

X 

® 

o 

AI 

in  ® 

tr 

o 

rl 

*  CM  ® 

M- 

3 

3 

CM 

® 

M- 

o 

3 

Ai 

CO 

tr 

O 

3 

CM 

® 

▼ 

3 

3 

AJ 

O 

«r 

n 

rl 

rl 

CM 

to 

♦ 

in  x  o 

M- 

® 

rl 

n 

® 

CM 

3 

O 

■o 

3 

3 

tr 

X 

rl 

tr 

s 

AI 

n 

o 

M 

3 

r4 

rl 

rl 

CM 

CM 

AI 

to 

to 

to 

M1 

in 

in 

in 

3 

3 

3 

X 

X 

X 

® 

® 

A-61 


Table  Tl-l  1.  Weight  Losses  for  1. 67:1. 00  Mole  Ratio  TiC^-NbjOs  Between  the  Oxygen 
Partial  Pressure  Range  of  7.  98  x  10“9  to  1. 75  x  10“^  *  Atm.  at  1 175°C 
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Table  Tl-12.  Weight  Losses  for  1.67:1. 00  Mole  Ratio  TiC^-Nb^C^  Between  the  Oxygi 
Partial  Pressure  Range  of  1.75  x  10-11  to  8.26  x  10~^  Atm.  at  1175°C 
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